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trac Ultra high speed traction tests were performed on two traction fluids 

commonly employed. Traction data on these fluids is required for purposes of action 
drive design optimization techniques. To obtain the traction data, an existing twin disc 
traction test machine was employed. This machine was modified to accommodate the 
range of test variables. All the data reported was obtained under conditions of side 
slip, a technique whereby only low power levels are required to simulate real traction 
drivi contacts. 

The range of the tests variables were; contact pressure from 1 to 1.8 GPa, disc surface 
velocity from 50 to 120 m/sec, fluid inlet temperature from 50 to 120 •’C , contact spin 
from 0 to 1.5% and inlet fluid supply from fully flooded to fully starved. The resulting 
traction curves were reduced to three constants by using the Johnson and Tevaarwerk 
isothermal traction model coupled to a thermal correction technique for large slip and 
spin results. Theoretical traction predictions were performed for a representative 
number of curves that showed the influence of rolling velocity, of contact pressure and of 
aspect ratio. To establish the accuracy of the thermal model the predictions were 
performed with increasing levels of independence of experimentally determined parameters. 
In the final resulting prediction only two non linear thermal parameters were used for the 
prediction of 15 different traction curves covering the entire range of variables as used 
in the investigation, with the exception of the inHuence of asperity traction. 

Comparison of these theoretical curves and corresponding experimental traces show very 
good agreement. 
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SUMMARY 

Ultra high speed traction tests were performed on two traction fluids commonly 
employed. Traction data on these fluids is required for purposes of traction drive 
design optimization techniques. These techniques will allow for the best possible 
design ot a given drive configuration. For adequate test data the entire range of 
operating conditions of the drives should be covered by the traction test program and 
this includes conditions of large slip and possible influences of fluid starvation. 

To obtain the traction data, an existing twin disc traction test machine was 
employed. This machine was modified to accommodate the range of test variables. All 
the data reported was obtained under conditions of side slip, a technique whereby 
only low power levels are required to simulate real traction drive contacts. 

The range of the tests variables were: contact pressure from 1 to 1.8 GPa, disc 
surface velocity from 50 to 120 m/sec, fluid inlet temperature from 50 to 120 °C , 
contact spin from 0 to 1.5% and inlet fluid supply from fully flooded to fully 
starved. The resulting traction curves were reduced to three constants by using the 
Johnson and Tevaarwerk isothermal traction model coupled to a thermal correction 
technique for large slip and spin results. The three constants are the elastic shear 
modulus and two non linear thermal parameters. 

Theoretical traction predictions were performed for a representative number of 
curves that showed the influence of rolling velocity, of contact pressure and of 
aspect ratio. To establish the accuracy of the thermal model the predictions were 
performed with increasing levels of independence of experimentally determined 
parameters. In the final resulting prediction only two non linear thermal parameters 
were used for the prediction of 15 different traction curves covering the entire 
range of variables as used in the investigation, with the exception of the influence 
of asperity traction. Comparison of these theoretical curves and corresponding 
experimental traces show very good agreement. 

The influence of asperity traction was extracted from the experimental curves with 
starvation by predicting the traction under fully flooded conditions and using the 
difference to predict the asperity traction as a function of the number of asperities 
in contact. It was found that the amount of traction force per asperity in contact 
was pretty well independent of the traction contact conditions and also of the 
traction fluid. Comparison between theoretically predicted traction curves including 
the effect of asperity traction and experimental curves shows reasonable agreement. 
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NOMENCLEATURE. 

Below follows a list of the various symbols used in the text and their units. 

Sym. DESCRIPTION Units 

a,b Semi Hertzian contact size in the x and y direction [m] 

A Fluid viscosity temperature parameter [®C] 

B Fluid viscosity pressure parameter [°C/Pa] 

Cg Specific heat of the disc material [J/kg.°C] 

C Shear stress temperature parameter for thermal model [®C/Fa] 

Cf Contact fraction for asperities [-] 

C Elastically strained fraction of contact [-] 

D Solidification temperature for the fluid [®C] 

De Deborah number [-] 

e Curvature offset from the rolling axis [mm] 

E Viscosity constant for non linear thermal model [Pa.sec] 

E’ Composite elastic modulus for the disc material [Pa] 

F(-d Dissipative function for traction model [sec"^] 

Fx Contact force in the x direction [N] 

Fy Contact force in the y direction [N] 

F^ Normal force on the contact [N] 

f Number of asperities in contact [-] 

G Fluid shear modulus (uncorrected) [Pa] 

Gc Compliance corrected fluid shear modulus (simple) [Pa] 

Gj Fully corrected fluid shear modulus [Pa] 

Ge Johnson Elasticity parameter [-] 

Gg Shear modulus of the disc material [Pa] 

h Central film thickness in contact [m] 

J1 Dimensionless longitudinal slip variable [-] 

J2 Dimensionless side slip variable [-] 

J3 Dimensionless spin variable [-] 

J4 Dimensionless longitudinal traction variable [-] 

J4q Elastic stress portion of J4 [-] 

J4p Plastic stress portion of J4 [-] 

J4f Thermal dimensionless longitudinal traction [-] 

J5 Dimensionless side slip traction variable [-] 

J6 Dimensionless spin torque variable [-] 

k Contact aspect ratio (b/a) [-] 

kf Thermal conductivity of fluid [N/sec ®C] 

kg Thermal conductivity of disc material [N/sec ®C] 

K Calibration constant in side slip measurement [m] 

m Initial slope of the zero spin traction curve [-] 

m' Traction slope for dry discs [■'] 

P Pressure [Pa] 


P(, Hertzian contact pressure [Pa] 

Pg Psucdo Peclet number [-] 

Pp Reduced Hertz pressure fraction [-] 

Q Kalker coefficient [-] 

q Thermal heat flux due to traction [N/m sec] 

Equivalent radius of curvature in x direction [m] 

Ky Equivalent radius of curvature in y direction [m] 

Rg Equivalent radius of curvature for discs [-] 

S Auxiliary variable used in elastic/plastic model [-] 

t time [see] 

U Rolling speed of the discs [m/sec] 

VF Voltage fraction for asperities [-] 

VO Viscosity parameter [Pa.sec] 

AV Side slip velocity of the discs [m/sec] 

AU Longitudinal slip velocity of the discs [m/sec] 

Ax Small displacement of the displacement transducer [m] 

YI Inlet shear heating factor [-] 

GREEK SYMBOLS. 

a Angle of tilt of the toroidal axis [rad] 

a(0) Pressure viscosity coefficient [1/Pa] 

3 Side slip angle [rad] 

0 ) Angular spin velocity on the contact [rad/sec] 

0 Temperature of the fluid [®C] 

6g Shearplane temperature [’C] 

Og Inlet temperature [®C] 

T Shear stress [Pa] 

Ts Non linear stress parameter for hyperbolic sine [Pa] 

Tc Limiting strength of fluid at shear plane temperature [Pa] 

Tq Limiting strength of fluid at inlet temperature [Pa] 

Y Shear strain rate ( V/h) [1/sec] 

n Viscosity [Pa.sec] 

y Traction coef. Fx/Fj or Fy/Fj [-] 

y Peak traction coefficient [-] 

Ps Density of the disc material [kg/m *3] 

ip X Hertzian contact shape parameters [-] 
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1-0 INTRODUCTION 

Traction or friction plays a major role in today's technological society in that it 
holds one of the keys to reduce our overall energy consumption, and thereby the 
dependence on unreliable sources of this energy. Friction and traction indicate the 
resistance to relative motion of two 'contacting' bodies. The term traction and 
friction have the same meaning in a tribological sense, however friction is used when 
this resistance is undesirable and traction is used when it is desirable. 

The mechanical components in which friction and traction are important are rolling 
element bearings, gears, cam and tappets anci traction drives. Because these devices 
almost always operate in a wet or fluid lubricated environment, the traction or 
friction is mostly governed by the particular fluid that is used. In the first three 
devices friction is the key source of inefficiency and because of the multitude of 
bearings and gears in service, a small reduction in these losses can amount to 
phenomenal savings in energy. Rolling element bearings actually have rather 
interesting requirement for friction or traction in that at low to medium speeds 
friction should be low, Lut at high speeds traction should be high to ensure that the 
rolling elements operate at the correct velocities. 

Traction drives on the other hand rely on the transmittal of tractive forces for 
power transmission purposes and they require high fluid traction at all times. With 
variable speed traction drives it is possible to allow prime movers to operate at 
their most efficient power point, almost independent of the load requirements. It is 
by these means that traction drives can indirectly be looked upon as potential energy 
savers. Fuel consumption reductions of 25 to 40 % are believed possible with the use 
of variable speed traction drives in automobiles. This report addresses itself to 
the phenomena of traction and is aimed at providing fluid traction data for two 
fluids operating under widely varying conditions, with particular emphasis on 
traction drives. 

1-1 TRACTION DRIVE TECHNOLOGY. 

Traction drives have been in existence for a long period of time. They are simple 
in concept and relatively easy to manufacture. However successful traction drives are 
few and the reason for this is that while simple in concept, the analytical tools 
required to develop a drive in direct competition with other transmissions have been 
sadly lacking in the past. This is rapidly being remedied however with recent 
developments and interest in this area of design. An excellent review article dealing 
with the historical aspects of traction drives and the related technology is 
presented by Loewenthal [1]. 

In simple terms the traction drives basic elements are two rollers, pressed into 
nominal contact, rolled about their respective axis and power is transmitted in the 
form of a shear stress across the contact area. A fluid is present to prevent 
initial surface scuffing damage and to provide for some form of cooling. The rolling 
motion of the discs draws this fluid into the contact £one and a thin layer of this 
fluid will separate the actual contact area. It is also in this region where the 
torque is transmitted from one roller to the next and it should not surprise one that 
the performance of a traction drive depends to a large extent upon the rheological 
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properties of the fluid. Close examination of the fluid history as it passes through 
the contact gap reveals that it experiences a sudden pressure pulse from atmospheric 
to possibly several Giga Pascal in a time period of 1 to .1 m/sec. The shear stress 
that is transmitted from one disc to the other (about 10% of the normal stress) 
passes through this layer of fluid "trapped" in the contact and causes a shear, '^'his 
in turn will lead to heat generation and from simple calculations, temperatures in 
the center of the film can easily reach several hundred degrees Centigrade. 

To study the rheological properties of the fluid under these conditions precludes 
the use of most of the conventional instruments used for steady state measurements. 
In fact the only suitable type of instrument for the study is a disc machine where 
most of the conditions are the same or simi • to those in traction drives. From the 
resulting traction tests, certain models are inferred and it is in this area where 
there has been a lot of activity recently. 

To the designer of traction drives, the traction behaviour of the fluid under the 
severe conditions is of utmost importance because of the direct influence that it has 
on the efficiency, s’ze and life of a given drive. Besides a good rheological m.odel 
for the fluid, he must have at his disposal pertinent rheolog.cal properties of the 
fluid that ho proposes to use. 

1-2 PRIOR TRACTION INVESTIGATIONS 

As mentioned in the introduction, there has been a let of activity in the area of 
traction research, both in the past and recently. Notable contributions have come 
from Clark et al [2], Hewko [3], Smith [4], Smith et al [S], Johnson and Cameron [6], 
Niemann and Stoessel [7], and more recently Johnson and Roberts [8] and Johnson and 
Tevaarwerk [91. Some of these investigations were strictly experimental in nature, 
and aimed at obtaining traction drive design dat.i, while others were aimed at 
understanding the traction phenomena so that rheological models could be formulated. 
This latter research is of course ultimately aimed at relating fluid molecular 
properties to traction preperties. Research by Johnson and Tevaarwerk [9], Daniels 
[10], Hirst and Moore [11] and Alsaad et al [12] is directed specifically towards 
this purpose. The reader is referred to an excellent review by Johnson [13] for 
further aspects of this topic. 

Many of the rheological models derived so far have been isothermal in nature. 

This is not so much due to the level of understanding of traction but rather because 
of the degree of complexity that thermal analysis introduces. This is not to say 
however that thermal effects are not important, a simple method is required however 
to include them in the analysis. 

Current understanding of traction has led to tiaction models that describe the 
fluid shear behaviour in terms of an elastic and a dissipative element. For purposes 
of mathematical tractability this dissipative element is taken to be plastic like in 
nature. This gives an adequate description of the fluid behaviour at conditions such 
as those encountered in traction drives. An analysis of traction drive performance 
using such a model was done by Tevaarwerk [14]. It showed that under certain 
conditions the prediction technique by Magi [15] can be used. This work has now been 
further expanded by developing a simple method to correct for thermal effects due to 
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: spin, Tevaarwerk [16], and an overall thermal traction study, Tevearwerk [17]. 

As with all models however, their usefulness is severely restricted if inadequate 
j input traction data is available to the designer. This is especially so if new high 

traction fluids are used that were not tested previously for use under conditions 
that exist in modern highly advanced traction drives. 

1-2 TRACTION DATA RESEARCH PROGRAM 
Several novel and new forms of traction drives have recently been developed and 
tested by Loewenthal et al [18] and Kemper [19] ar'^ McCoin et al. [20]. For purposes 
of design of these drives, adequate fluid rheological data is needed under the 
operating speeds, pressures and temperatures encountered. Besides the above it is 
desirable to investigate the influence of contact area, aspect ratio, spin and side 
:■ slip on the traction behaviour. Additionally, the data could be cested against an 

^ existing traction model to investigate how well it predicts the observed traction. 

;{ The first part of this investigation concerned itself with the isothermal aspect of 

traction and the results are reported in Tevaarwerk [21], the second pert of this 
'4 investigation, reported here, covers the thermal aspects of traction and the 

_} influence of asperity contact. This work was performed by Transmission Research 

Incorporated of Cleveland Ohio under contract to the NASA Lewis Research Center, 
Cleveland, Ohio. The NASA technical project manager was Mr. D. A. Pihn from the 
•,i Bearing, Gearing and Transmission Section at the NASA Lewis Research Center. 
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2-0 EXPERIMENTS 

The various traction experiments were carried out on an existing twin disc test 
facility, shown in figure 2-1, 2-2 and 2-3. This test facility was modified such 
that it would be capable of traction measurements for speeds up to 120 m/sec, and 
facilities were provided for the asperity contact measurement and fluid starvation. 
Traction curves were obtained by using the side slip technique; a technique whereby 
large traction transfer can be measured without the need for a large motor generator 
set. 


2-1 DESCRIPTION OF TWIN DISC MACHINE. 

For an extensive description of twin disc traction testers the reader is referred 
to the literature; Smith [4] and Johnson and Roberts [8]. Basically the machine 
consists of two discs, called the upper and lower disc. The lower disc is mounted in 
rolling element bearings through shafts and the only degree of freedom is one of 
rotation about this axis. The lower disc always has a transverse radius of curvature 
of infinity. To avoid problems with gravity forces the axis of rotation of this disc 
should be horizontal to within a few milliradians. The upper disc is contained in 
bearings that are mounted in the upper assembly. This upper assembly is suspended 
with elastic hinges such that only direct normal motion or axial motion is possible. 

The assembly will however always stay horizontal. The upper disc (or toroid) has 
curvatures so that the desired contact geometry is arrived at. The upper assembly is 
constructed such that the toroidal axis can be tilted relative to the horizontal 
plane so as to introduce spin on the contact. It can also be skewed about the normal 
to the contact to introduce a side slip velocity. 

In order to achieve the various aspect ratios a number of special discs with 
varying crown curvatures were employed. These discs were made of AISI-01 steel, 
hardened to 7.00 GPa, ground and polished tc a surface finish of less than .05 /um RMS 
and with an out of roundness error of less than 5>um. Between tests the discs were 
inspected for surface damage and if needed, reground and polished to bring them back 
up to specifications. The required normal load, obtained by a dead loading 
technique, can be calculated from the Hertz theory for elastic bodies in contact. 

The maximum contact normal stress Pq is given by; 


(2-1) 


Po = 


1 

2t^X 



t 


where ? 2 = contact norrol load [N] 

Pq= Hertzian contact stress [Pal 

E'= conposite elastic modulus [Pa] ;(231 CPa for steel) 
Re= equivalent disc radius [m] 

= (1/Rx + 1/Ry)“* 

<fi,X - Hertzian contact shape factors i •] 
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The various curvatures and Ry as employed in this investigation are 
reported for each test in Appendix I-A . The Hertzian shape factors may be found in 
any good book on contact mechanics. 

2-2 INSTRUMENTATION OF THE TRACTION TESTER. 

By suitably instrumenting the disc machine the relevant experimental parameters can 
be measured. In the experiments reported here the sideslip, sideways traction force, 
toroid surface temperature, rolling velocity and the degree of asperity contact were 
measured. The technique of measuring each of these variables will be discussed next. 

2-2-1 THE MEASUREMENT OF THE TRACTION FORCE. 

A ring dynamometer typo load cell was used to measure the side slip force of the 
upper toroid assembly. It was found necessary that this load cell was thermally 
isolated from the machine loecause temperature variations tended to introduce drift 
into the signal. Also the active gauges had to be protected from the splashing hot 
test fluid as this gave rise to noise on the signal. The electrical signal from the 
load cell was conditioned for noise and amplified using common mode rejection 
techniques. The gain on the amplifier was adjusted so that a good range on the 
signal was measured for each test. Calibration of the load cell was done in situ by 
dead loading. This calibration was checked periodically but never was there any need 
for recalibration. 

2-2-2 THE MEASUREMENT OF SIDE SLIP. 

The skew angle was measured by using a direct current displacement transducer on the 
upper assembly and thereby measuring the rotation angle of this assembly. This skew 
angle gives the amount of side slip/roU ratio through the relationship; 

(2-2) AV/U= tan ( 0 ) 

where 0 = side slip angle [rad] 

AV = side slip velocity [m/sec] 

/ U = rolling velocity {m/seej 

By measuring the amount of skew with the displacement transducer the side 
slip/roU ratio is obtained directly through; 

O (2-3) AV/U=K Ax 

where Ax is the displacement of the transducer and K a scale factor. The electrical 
output of the displacement transducer was filtered in an R-C network to provide a 
low-pass signal. The maximum frequency response of the R-C network was .1 sec. The 
C displacement transducer was calibrated by rotating the upper assembly through a known 

angle and then calculating the amount of side slip for this angle. 


2-2-3 THE MEASUREMENT OF THE TOROID SURFACE TEMPERATURE. 

In the analysis and reduction of the test data it is important that the disc 
temperature be used as the reference inlet temperature for the film thickness. This 
temperature can be measured by embedding a thermocouple directly below the surface of 
the toroid and then to take this signal out through mercury slip rings. This method 
is however not very practical when a number of different toroids are involved and is 
also very costly from an installation point of view. With care the surface 
temperature can also be measured by using a trailing thermocouple that rides on the 
disc surface. The disadvantage of this technique is that it can be speed sensitive 
in its response because of frictional heating. 

The latter technique was employed here and care was taken to ensure that the 
contact force on the thermocouple was not excessive. A reference ice bath junction 
ensures that the same reference level for the thermocouple is used at all times. The 
signal from the thermocouple is amplified using common mode rejection techniques to 
minimize the influence of electrical noise and other disturbances. Calibration was 
done by the boiling water method adjusted for sea level differences. This 
calibration was checked periodically. Only slight deviations were encountered. 

Because of the frictional heating at the junction/toroid interface a variation of 
about 2 “C was found in the signal between stationary discs and those rotating at a 
surface velocity of 120 m/s. The overall reproducibility of the temperature 
measurement is better than 2®C. 

The temperature on the machine was regulated through the use of heaters and 
coolers on the test fluid. This test fluid would be allowed to circulate freely 
before the start of a test series in order to bring the machine up to a uniform 
temperature. No specific effort was made however to maintain a given set point 
temperature during the test and the reason for this will become clear in the analysis 
of the results. 

2-2-4 MEASUREMENT OF THE DISC SPEED. 

The rotational velocity of the bottom disc was measured indirectly through the use 
of a tachometer on the drive motor. Knowledge of the gear ratios and the disc 
diameter permitted the calculation of the surface velocity of the disc. The 
electrical signal from the tachometer was scaled by using a divider circuit and 
filtered by using a low pass R-C filter with a 2 sec time constant. This method of 
velocity measurement is often used to give both magnitude and direction indication. 
Calibration of the system was performed on a periodic basis and some major problems 
with the testing stemmed from this source. Initially the tachometer was directly 
coupled to the motor shaft. This was a simple solution but may have caused some of 
the problems with this system. About half way through the test series the tachometer 
drive was changed to an indirect system with a rubber belt to isolate it from the 
motor vibrations. No further problems were experienced after that point. 

2-2-5 CONTACT RATIO MEASUREMENT. 

In order to measure the degree of asperity contact that took place at any one 
time an electrical conductance circuit as shown below was employed. 



The selection of the various electrical components is such that only very 
low voltages are applied across the two discs to minimize the risk of surface damage 
through arcing. The output signal of network was essentially DC in nature with only 
slow fluctuations in the contact conditions being recorded. The signal from this 
circuit will be used in Chapter 6 to analyze the amount of asperity traction that is 
added to the fluid traction. 


IK 


2K 



Schematic of the contact ratio measuring circuit. 

2-3 TRACTION MEASUREMENTS. 

Traction curves were obtained by the slow rotation of the upper assembly from a 
positive value of side slip/roll ratio to a negative value. The signals from the 
above discussed transducers were fed into a digitizer from where they were led into 
an Apple 11+ computer for plotting and storage on magnetic media for future use. The 
computer would automatically trace the force versus slip curve on the screen. By 
reversing the direction of rotation of the machine, a duplicate set of curves can be 
obtained. For each experiment 500 data points were taken at fixed time periods of .2 
seconds. Multiple data data points would be stored as separate entries. 

After the completion of a test series the data would be recalled into memory of the 
computer end further manipulated. This manipulation consisted of the averaging of 
the mult’ ie entries, the filling in of any gaps in the data through forward and 
backward interpolation, the comparison of the traces for the forward and reverse 
rolling direction and the centering c' ’^he traces about the center lines. After the 
centering operation the data would be smoothed by a 'N* point averaging technique for 
traction points after the peak traction points. For storage a geometric series was 
used so that the total traction trace was now represented by 40 data points for each 
measured variable. These traces were then stored on magnetic media and used for 
further ma.. pulation and data extraction at a later point 

2-3- i TYPICAL TRACTION TRACES. 

In total close to 400 traction curves were taken and it is not practical to 
reproduce every one of them here. A summary of all the traction traces is shown in 
Appendix I. 

To show the trend that certain variables have on traction a number of typical 
curves were selected. Of the controlled variables it is important to show the 
variat;on of traction with speed,pressure and aspect ratio. The variation of 
'eii.perature will be dealt with at a later stage. The selected traces are indicated 
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in tabular form below. 


Soeed [m/sec] 

TOF-88 

SAN] 

no-50 

Flooded 

Starved 

Flooded 

Starved 

50 

820804-7 

820804-8 

820924-7 

820924-8 

80 

820804-9 

820804-10 

820924-9 

820924-10 

120 

82P804-11 

820804-12 

820924-11 

820924-12 


TABLE 2:1 Traces selected to show the influence of speed on traction. 

Aspect ratio k=2 and the Hertz contact pressure Po=l*2 GPa. 

The above indicated traces are shown in Figures 2-4 to 2-7 in the grouping as 
indicated. 


Po 

[GPa] 

k 

[-] 

TDF- 

88 

SANID-50 

Flooded 

Starved 

Flooded 

Starved 

1.0 

5.6 

820916-3 

820916-4 

820923-9 

820923-10 

1.2 

5.0 

821116-9 

821116-10 

821102-10 

821102-9 

1.4 

2.0 

820805-3 

820805-4 

820924-15 

820924-16 

1.6 

1.0 

820824-3 

820824-4 

821019-9 

821019-10 

1.8 

1.0 

820824-9 

820824-10 

821019-16 

821019-15 


TABLE 2:2 Traces selected to show the influence of pressure on traction. 

The rolling velocity is kept constant at approximately 80 m/sec. These traction 
traces are shown in Figures 2-8 to 2-11 in the groupings as indicated. 


Aspect ratio k 
(-) 

TEF- 

•88 

SANID-50 

Flooded 

Starved 

Flooded 

Starved 

1.0 

820824-15 

820824-16 

821019-3 

821019-4 

2.0 

820805-3 

820805-4 

820924-15 

820924-16 

5.0 

821116-15 

821116-16 

821102-18 

821102-17 


TABLE 2:3 Selected traction traces to show the influence of contact 
aspect ratio. 

Hertzian contact pressure is Po=l*4 GPa and the rolling velocity is 80 m/sec. 
These traces are shown in figures 2-12 through to 2-15 for the groupings as 
indicated. 






fi bu. > ^ iN 
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2-4 THE APPLICATION OF SPIN. 

Spin may be introduced on the contact by tilting the upper assembly through an 
angle a . This angle a is referred to as the spin angle, however it is not a direct 
measure of the spin itself. A suitable measure of spin is given by the variable J3, 
see Tevaarwerk [14]. 


( 


C' 


( 


c 


c 


c 


(2-5) 


J3 = 


3)T m oiVab 
? M U 


Vk 


where 


m = initial traction slope (-] 

M = peak traction coefficient (-] 

« = spin velocity on contact ( rad/sec] 
k = aspect ratio b/a [-] 

U = contact rolling velocity [m/sec] 
a,b = contact dimensions [m] 


Most of the variables in equation (2-5) are known either from the traction curves 
or else from the contact geometry. The group«jvSB/U provides for a measure of the 
spin intensity on the contact and it will be used here to indicate spin as such. The 
angular spin velocity on the contact can be related to the angle of tilt through the 
following: 


( 2 - 6 ) 


w/U= 


sin a 

(RyCosa + e) 


where a - spin angle [rad] 

6 = center of curvature offset [m] 



O 


Figure 2-3: General disc arrangement for spin tests. 







Page 10 

In some instances the distance e has a negative value i.e. the center of 
Ry is above the axis of rotation as shown in figure 2-3. Equation (2-6) still 
applies provided that the sign of the distance e is taken into account. The value of 
'e' is listed in Appendix I-A together with the values for and Ry. 

Because of the computer listing the notation differs slightly from that in t'.e text. 
Rj( becomes RX and Ry becomes RY. When the toroids are tilted, a slight 
change takes place in their rolling curvature. This was kept small however by the 
proper selection of the radii. A simple correction can be made for this radius 
change through the following expression; 

(2-7) Rx = Ry + e/cosa 

In most cases this correction does not amount to very much. 

Traction curves with imposed spin were obtained in the same manner as described 
for the zero spin traction curves. Typical curves obtained are shown in figure 2-16 
to 2-17 for a variety of spin conditions. A broad selection of curves was made to 
show the influence of spin on the traces. Below is a Table indicating the degree of 
spin in each test shown in Fig. 2-16 and 17. 


TW-88 

SAKIO-50 

Test nimber 

u)/ab/U [%] 

Test nurber 

u)/abAJ [%] 

820825-3 

.294 

820923-3 

.605 

820825-9 

.336 

820927-10 

.400 

820825-15 

.370 

820927-15 

.474 

820902-6 

.400 

821022-9 

.336 

820916-9 

.631 

821022-4 

.294 

821118-15 

1.11 

821101-18 

1.11 


TABLE 2:4 Selected traction traces to show the influence of spin 
on traction. 


A significant feature of traction tests with spin is that at the cross over point for 
side slip there is a finite amount of traction left as shown in the experimental 
data. This is not some kind of experimental problem but results from the elastic 
response of the fluid to small strain. In the spin traction curves the vertical 
axis give the 'average traction stress' rather than the usual traction coefficient. 
This average traction stress is related to the traction coefficient through the mean 
contact pressure as; 


(2-8) f = u P where; 


o 

T = average traction stress 

(Pal 

U = traction coefficient 

[-] 


and F = mean contact pressure 

[Pa] 


O 




3-0 THEORETICAL ANALYSIS 

In order to understand the required analysis of the experimental data it will be 
helpful to consider the following discussion of traction. The ability of a fluid 
film, trapped under high pressure in the elastically deformed region of two loaded 
curved elements, to transmit a tangential force from one element to the other, is 
commonly referred to as friction or traction. The magnitude of this force depends on 
several variables such as :1) the contact kinematic conditions of slip, spin and 
sideslip, 2)the fluid present, 3) temperature, pressure and operating speeds. We 
will first examine the traction behaviour under simple slip only. 

Under conditions of increasing slip between the two elements an increasing 
traction force is transmitted up to a certain limit at which point it will decrease 
with further slip. See Fig. 3-1 



SLIDE ROLL RATIO. ^U/U 

Fig. 3-1 Typical traction /slip curve. 

There are three regions identified on this traction curve and the behaviour 
in each of these regions can best be described by the Deborah number. For a simple 
Maxwell viscoelastic model this number is the ratio of the relaxation time and the 
mean transit time, see Johnson and Tevaarwerk [9]. 

(A) The linear low slip region. Thought to be isothermal in nature, it is caused 
by the shearing of a linear viscous fluid (low De) or that of a linear elastic solid 
(high De). 

(B) The nonlinear region. Still isothermal in nature but now the viscous element 
responds nonlinearly. At low De this portion of the traction curve can be described 
by a suitable nonlinear viscous function alone, while at high De a linear elastic 
element interacts with the nonlinear viscous element. 

(C) At yet higher values of slip the traction decreases with increasing slip and 
it is no longer possible to ignore the dissipative shearing and the heat that it 
generates in the film. Johnson and Cameron [6] showed that the shear plane 
hypothesis advanced by Smith [4] does account for most of their experimental 
observations in this region. More recently Conry et al [22] have shown that a 
nonlinear viscous element together with a simple thermal correction can also describe 
this region. 




3-1 ISOTHERMAL TRACTION ANALYSIS. 

The rheological model that describes the traction under simple slip in all 
three regions of operation fairly well is the J & T traction model as presented by 
Johnson and Tevaarwerk [yj; 

(3-1) i ^ + F(-^) =y 

o at 

The dissipative function F(t) is open to the choice of the researcher to fit the 
observed traction but Johnson and Tevaarwerk [9] found that the hyperbolic sine; 

(3-2) F(t) = -^ sinh (T/Ts) 

where Ts= non-linear shear stress parameter. 

described all of their experimental results in regions (A) and (B) very well. At 
higher pressures and for fluids with high traction coefficients this dissipative 
function may be replaced by the purely plastic behaviour of the material; 

(3-3) F(t) = 0 for T<T^, ; F(t) =y fort = 

where “ limiting shear strength of the fluid. 

Whether the perfectly plastic behaviour of the material is intrinsic is not clear. 

Work by Johnson and Greenwood [23] suggests that it is possibly the result of thermal 
behaviour of the sinh model. For many applications the elastic/plastic traction 
model is adequate. It was used by Tevaarwerk and Johnson [24] and Tevaarwerk [14] 
to predict traction under various conditions of slip and spin. The analysis is 
completely isothermal in nature and for simple slip the traction is given by; 

(3-4) •>^ = -71 ‘“-‘s * rr^ ' 

2 J1 
S = 3 7k 

The shear strain rate in the fluid was taken to be the same everywhere in the 
contact and assumed to be constant throughout the film thickness. Its magnitude was 
taken to be; 



Equation (3-4) results from the integration of stresses, caused by the shearing 
of an elastic element of pressure independent average shear modulus G, and the 
plastic stresses proportional to the local Hertzian pressure. The predicted traction 
from an elastic/plastic model compares very well with the experimentally observed 
values for combinations of slip and spin, provided that the spin or slip are not too 
large. Large slip or spin results in almost purely dissipative stresses over the 



contact area and hence non-isothermal behaviour. Traction prediction under these 
conditions is still possible but the thermal effects need to be brought into the 
picture. Tevaarwerk [25],(16] presents two techniques for calculating such spin 
traction curves. The latter technique requires the shape of the traction curve in 
the large slip regime to provide a simple correction to the isothermally predicted 
spin traction. 

Isothermal traction analysis was used in the reduction of traction data for the 
first report on the results of the traction measurement, Tevaarwerk (21). 


3-2 THERMAL TRACTION ANALYSIS. 

The ability to separate the elastic stresses from the plastic ones can now be used 
to perform a thermal traction calculation. The analysis presented here follows the 
technique outlined by Tevaarwerk [17] and (26). 

Equation (3-4) resulted from the integration of isothermal elastic and plastic 
stresses over the contact area of an ellipse. For the region of contact under 
elastic stress the shear energy is conserved and therefore does not give rise to 
temperature increases. The plastically deforming region however, is non-conservative 
and a temperature rise in the fluid is expected. This will lead to a reduction in 
the local plastic strength of the fluid. Equation (3-4) may therefore be better 
written in its elastic a.nd plastic parts; 


(3-5) 

J4 = J4p + J4e 


(3-6) 

4 S 




(3-7) 

J4p * ^ ( tan"ls . 

S(S*-1) , 

(1+S*)* ’ 


This modification is given by where t<. is the average 
stress under thermal conditions andto is the average stress under isothermal 
conditions. We are dealing therefore with averaged stresses in the plastic region of 
the contact even though the isothermal stress distribution is according to the 
Hertzian pressure. This seemingly contradictory assumption is supported by 
theoretical evidence by Tevaarwerk [25]. The modified equation would therefore be; 

(3-8) J4t = J4e + ^ J4p 

^0 

The modification term xc/xq can be found from a thermal balance over the 
contact region under plastic stress. This region can be thought of as a thermal 


source whose heat is conducted/convected away. The length of the source is a 
function of the location of the onset of plastic deformation after the initial 
elastic region, however in this simple model we will take the source length to be 
"a" where this is the semi contact length in the running direction. As a simple 
thermal balance we will use the expression reported by Johnson and Cameron [6] for 
the shear plane temperature; 


0c - «o = q t -1 + 1 

q = average thermal strength of the source [W/m’] 

0c = shearplane temperature in the contact [*C] 

0Q = inlet temperature of the fluid [®C] 
kf = thermal conductivity of fluid in the contact [W/m®C] 
h = central film th.ckness in the contact [m] 
ks = thermal conductivity of the roller material {W/m®C] 
Cg = specific heat of the roller material [J/kg®C] 

Pg = density of the roller material [kg/m^] 

This expression is only valid when the heat is conducted through the film and 
convected away by the discs, a condition that is true for most traction drive 
contacts. The strength q of the source is given by; 

(3-11) q =tAU 

In order to proceed any further we need a relationship between temperature 
and the shear strength of the fluid. A typical relationship that has its roots in 
the Eyring theory of fluid transport is given by; 

(3-13) t(0) = -^ ( A + BP + (0+D) Ln (-|^>1 

where ; A = viscosity tenperature constant [®C] 

B = pressure viscosity constant [®C/Pa] 

C = non-linear shear stress constant [®C/Pa] 

D = fluid solidification temperature (*C1 
E s fluid viscosity constant (Pa. sec] 

P s pressure of the fluid in the contact [Pa] 

At first sight it seems that this equation has five disposable constants in it, 


( 3 - 9 ) 

where; 

( 3 - 10 ) 

and 


however two of these constants ( A and D ) are cerived from the atmospheric 
viscosity temperature relationship, and one more ( B ) cai; be obtained from the Barus 
viscosity pressure relationship. The constant D is known as the solidification 
temperature; the temperature to which the fluid should be cooled to become solid like 
under atmospheric pressure. Only the constants C and E need to be determined 
experimentally from the traction results and this will be done in the next chapter. 

It should be noted here that the ultimate aim is to derive the fluid traf' ion 
parameters such that they apply for all the experimental conditions reported here. 

In the next chapter a gradual development towards this goal will take place. 

By using equations (3-9), (3-10), (3-11) and (3-13) the average thermal shear 
stress can be obtained for a given set of conditions. In equation (3-8) wc need the 
ratio of the average contact shear stress under thermal conditions to that under 
isothermal conditions. This is really the ratio of the shear stress given by 
equation (3-13) evaluated at the shearplane temperature 6(. ( from equation 3-9) 
and the shear stress as evaluated at the inlet temperature conditions 9 q. The 
other contact conditions remain the same for this ratio calculation. 

In order to verify that the fluid in the traction contact behaves as indicated by 
equation (3-13) a slightly rewritten form will be used so that a straight line 
relationship of the experimental results verifies the validity of the model (see sec 
5-2). 


4-0 calculation of thermal traction curves. 

A simple thermally influenced IracUon curve can now t ^ calculated from ecuation 
(3-8), (3-9) and (3-13) provided of course that we have sufficient experiniental 
parameters. 

In almost all practical situations of contacts under traction there is a degree of 
sideslip and spin present. These can influence the traction behaviour rather 
strongly. We shall examine an exact method of incorporating the influence of 
sideslip and an approximate method of allowing for spin. 

4-1 INFLUENCE OF SIDESLIP. 

Sideslip is the slip of the two contact surfaces perpendicular to the rolling 
velocity. It occurs mainly because of misalignment in a system or it can be due to a 
sideways force. Its influence can be incorporated very simply by vectorial methods. 
All the calculation techniques and thermal corrections thus far discussed apply. 

Hence we may say that; 


(4-1) 


J4 


2_ J1 ip 
3 S /k 



J2 ip 
S A 


(4-2) 


2 , S 

U; = - ( tan ^S + 

7T 


1+S* 


(4-3) where 


S 


2 Jjl* J2* 
k 


Also equation (3-11) is modified to read; 

(4-4) q =y/t U* +A V*^ 

The solution techniques remain exactly the same as before. 

In the experiments as performed in this investigation all the results were 
purposely taken under conditions of side slip so as to avoid the use of large motor 
generator sets. As can be seen though the analysis is identical to the longitudinal 
slip traction analysis and so the equations as shown in Chapter 3 are directly 
applicable. 

4-2 INFLUENCE OF SPIN. 

Spin in a contact is the result of the geometric configuration that makes up the 
contact and the two contacting elements. The influence of spin is not readily 
implemented over the entire domain of spin, however there are some simplified 
approximate solutions that can be applied. 
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4-2-1 INFLUENCE OF SPIN IN THE LOW SLIP REGION. 

When t^e aniount of slip on a contact is low it is possible that we have an elastic/ 
plastic stress distribution. The exact distribution depends on the combination of 
spin and slip. For small values of longitudinal slip then there are three separate 
regions of influence that we may consider as outlined by Tevaarwerk and Johnson [24] 
and shown in Fig. 4-1. This map is based upon the influence of spin on the 75% slip 
traction point. 



Fig. 4-1 Regions of influence of spin. 

These regions are: 

I) Traction can be predicted with an elastic/ plastic model without the influence 
of spin 

n) Traction is predicted with an elastic/ plastic model with the influence of spin 

111) Traction is predicted with a rigid/plastic model with influence of spin. 

Because of the influence of elastic effects in region I and n it might be 
expected that thermal influence is small also. In region III all the shear is of a 
dissipative nature and hence we would expect a thermal influence. Because the 
rigid/plastic analysis is applicable ,a simple thermal correction is possible as 
outlined by Tevaarwerk [16]. This correction technique is based upon the concept 
that equivalent shear plane temperatures give rise to identical fluid shear strength. 
Hence by equating the amount of work done on the fluid due to spin to the amount of 
work in simple slip we can formulate a parameter called the "slide ratio". This 
ratio indicates the equivalent amount of simple slip that a contact has when under 
slip and spin. 



The ratio is defined as; 


J3 

J4 + J 6 - 77 - 

J1 


(4-5) 


AU 

AU’ 


(4-6) 

where 

A U’ 

(4-7) 

and 

AU 


slip in the contact with spin 
equivalent slip in the contact without spin 


and may be calculated from the rigid/ plastic analysis. Fig.4-2 shows the slide 
ratio as a function of the contact aspect ratio and the slip to spin ratio. 



Fig.4-2 Slide ratio as a function of aspect ratio and slip/spin ratio. 

There is no exact analytical expression for these curves, however they can be 
calculated quite readily, see Tevaarwerk [14]. In order to predict the with spin 
traction we also need the traction results from the rigid/plastic analysis. These 
curves are shown in Fig. 4-3 and can also be calculated quite readily. 

The with spin traction can now be calculated quite simply by using Fig.4-3 to 
obtain the slide ratio for a given slip and spin. After having obtained the 
equivalent slip this quantity is now used in equations 

(3-5, 3-6, 3-7, 3-8),(3-9), (3-11), and (3-13) to get the average thermally influenced 
shear strength of the fluid. From this we calculate the traction coefficient. 6 
using Fig.4-3 find the dimensionless traction at the indicated slip/spin condition, 
multiply by the traction coefficient just obtained to get the actual value of the 
current traction coefficient. 

4-2-2 INFLUENCE OF SPIN IN THE REGION OF LARGE SLIP. 

The essence of the argument for using the rigid/ plastic (and hence the simplified 
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thermal correction) analysis in Region III is that the entire stress distribution 
consists of plastic stresses. In the above case it is caused by the large spin 
component, however there is no difference if it is brought on by a rather large value 
of slip and small values of spin. In fact any time that we are dealing with traction 
in the thermal region one can apply the methods as for region III. 



Fig.4-3 Spin traction curves as a function of aspect ratio and slip/spin ratio. 


4-2-3 THERMAL INFLUENCE OF SMALL SPIN. 

The thermal influence of small spin values in the region of combined elastic and 
plastic effects can also be included quite readily if the traction calculation 
techniques as outlined by Tevaarwerk [14] are followed. It is merely required that 
the plastic traction stresses are integrated due to slip and due to spin. From these 
integrals an equivalent amount of slip can be calculated by the same methods as 
outlined by Tevaarwerk [16]. This method is used in this report to calculate the 
thermal small spin traction curves because the methods outlined in 4-2-1 would ignore 
any elastic effects in the fluid. More information on this method will appear in a 
future publication. 
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5-0 EXTRACTION JF THE TRACTION PARAMETERS. 

In order to use the technique as outlined above for the prediction of traction 
one does have to have the values of the thermal constants and those that govern the 
initial linear range. We shall deal with the extraction of the param titers for the 
two ranges separately. 


5-1 EXTRACTION OF THE SHEAR MODULUS PARAMETERS. 

As discussed in chapter 3 the initial linear slope on a traction curve can be the 
result of either a viscous or an elastic response of the material in the contact to 
the strain implied. The parameter that determines the actual response is the 
dimensionless grouping of the relaxation time of the material in the contact and the 
transit time of this material through the contact. For a simple Maxwell type 
material this number is known as the Deborah number and is given by; 


(5-1) 


De = 


n u 

a G 


where n = 
U = 
a = 
G = 


viscosity of the fluid in the contact 
transit velocity of fluid in the contact 
semi contact length in rolling direction 
shear modulus of the fluid in the contact 


[Pa.sec] 

[m/sec] 

[ml 

[Pa] 


Now under the assumptions of a simple pressure distribution according to Hert?., a 
constant film thickness in the contact and a constant shear moduUis over the contact 
area the initial small strain behaviour for the matericd will be elastic if the 
Deborah number is larger than 10 and will be viscous in response if the Deborah 
number is less than .1 . In between these two values the response is due to a mixed 
viscoelastic behaviour. 

Many assumptions have been made before arriving at this point, however even with 
more complicated analyses where the pressure is allowed to influence the viscous and 
elastic properties it is found that the transition points occur at about the same 
Deborah numbers. Also for the range of parameters normally encountered in traction 
drives and testers the Deborah number is such that the initial slope of the traction 
curve is almost always governed by the elastic properties of the material in the 
contact. In the analysis of the data as performed here this assumption is implicit. 

5-1-1 SHEAR MODULUS FOR CONSTANT PROPERTIES. 

When the initial linear response is completely elastic it is quite easy to 
calculate the value for the actual modulus that caused this slope. Under the 
assumptions of constant properties throughout the contact this modulus can be 
extracted from the initial slope using the following equation; 

(5-2) G =irm (Pa] 

4 a 


e 
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where m - initial linear elastic slo^ e [-] 

Pq = maximum Hertz pressure in the contact fPa] 
h = film thickness in the contact [m] 

a = semi contact size in the rolling direction [m] 

This equation is applicable regardless of whether the slope is measured under 
longitudinal slip or under side slip. 

In Appendix II the results of the slopes from the experiments analyzed for modulus 
are indicated in the column labeled GB. Only the slopes from the spin free 
experiments were analyzed for shear modulus. These results were calculated with the 
isothermal vali'*» for the film thickness as indicated by HO in this Appendix. The 
film thickness HO was calculated from the expression for the central film thickness 
as reported by Hamrock and Dowson [32]. In order to modify the value of t^-' -th<?ar 
modulus to allow for inlet shear heating the printed value under GB should be 
rrultiplied by the value of YI. Values for YI were calculated based upon the inlet 
shear heating theory of Wilson and Murch [33]. 

Examination of these results shows that there appears to be very liitle influence 
of pressure on the modulus. This is caused by the fact that some of the slope 
response is due to the creep compliance of the discs used to test the traction fluid. 


5-1-2 SHEAR MODULUS WITH A SIMPLE COMPLIANCE CORRECTION. 

One of the criticisms that is often raised at the above analysis is that it 
neglects the influence of the disk compliance on the measured slope. Disk compliance 
is the result of the elastic creepage of the disk material due to the tractive 
stresses on the surface. The traction response in the initial linear range is 
affected by this disk creepage in that it makes the slopes lower than if the discs 
were infinitely stiff. An exact correction of the modulus for the disc compliance is 
not possible at the moment. The analysis that is presented here is that due to 
Johnson and Roberts [8]. 

If we let m' be the slope of the traction curve for dry rolling bodies, then from 
the addition of the compliances of the discs and the film a simple corrective term 
for the shear modulus may be derived as shown in equation (5-3). From this 
expression it is obvious that when the measured slope approaches the dry slope the 
corrected value for the shear modulus tends to infinity. 


Gc 


= G 


m* 

(m' - m) 


where G(. = simple compliance corrected modulus 


(5-3) 
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The dry slope m' can be calculated from the expression given by Kalker [27] as; 
(5-4) ^ [-1 

where Gg = shear modulus of the disc material [Pa] 

Q = Kalker coefficient [-] 

The value of the Kalker coefficient depends on the aspect ratio of the contact and 
the direction of slip. Below is a table which gives these values for the aspect 
ratios and tests as reported here. 


Table of Kalker Coefficients q1 

aspect ratio 

coefficient 

k 

Q 

1 

.56 

2 

.70 

5 

.81 


The fluid shear modulus as calculated by this method are indicated in Appendix II 
under the column GC. Again to modify this result for inlet shear heating it should 
, be multiplied by the factor YI. From the results it may be observed that there is 

now a definite increase in the modulus as the contact pressure increases. 

5-1-3 SHEAR MODULUS WITH A COMPLEX MODULUS CORRECTION. 

Some of the drawbacks on the foregoing analysis are that we are still using the 
, compliance of the total film and of the total disc system and then combining them for 

a correction term. A much more detailed compliance correction was developed by 
Johnson, Kayak and Moore [28] . These compliance corrections were based on the fact 
that elastic effects can only occur at high enough pressures, so that for a normal 
lubricated contact only a portion would be elastic in response, the remainder being 
I viscous. Suitable charts for the correction term to be used with the simple modulus 

were presented for longitudinal slip and for an aspect ratio of 1 and a line contact. 

In using this data here we should be aware that the tests presented here are obtained 
under conditions of side slip only. The error introduced by this is expected to be 
about 40% for the contact aspect ratios as used here and this is based upon the 
L simple dry slope ratios from Kalker's theory. 

Since the correction factors are reported in graphical form a more suitable method 
based upon a correlation of the results will be jsed here. It may be expected that 
the new correction factors are an improved form of the 'simple correction term* as 
used in the previous section so that the basic form of the expression can be 
O retained. From the shape of the curves this appears to be the case. By employing 

simple shift correction factors the following equation can be derived; 


e 
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(5-5) 


i 2.25-1.25C' + (.25C'-.2)/k | 
j C'-m/m' + (.25C'-.3)/k j 


[Pal 


where C'= fraction of semi contact length under elastic response [-] 
m = measured slope [-] 
m'= dry calculated slope [-] 

Gj= fully corrected modulus [Pa] 
k = contact aspect ratio [-] 


The fraction C can be calculated from the assumption that no elastic effects 
occur if the viscosity is less than .1 MPa.s . With the knowledge of the pressure 
viscosity coefficient and assuming a Hertzian pressure distribution, C can be 
calculated from; 


(5-6) 


Ln [100000/ n(9)l 
a (0) Po 


where 


n(0) = atmospheric viscosity [Pa. sec] 
a(0) = pressure viscosity coefficient [Pa~^] 


The fluid shear moduli calculated by this technique are listed in Appendix II 
under the lable GJ. The value of C' is also indicated. Because of the nature of the 
expressions in equation (5-5) it is possible to get a negative value for the shear 
modulus from this analysis. When this was the case a zero value would be entered in 
the data column. From the results it can bo seen that the magnitude of the modulus 
does increase but so does the amount of scatter. For the time being it is not 
recommended to use this method of shear modulus correction. 

5-1-4 COMPLEX CORRECTION WITH REDUCED PRESSURE EFFECTS. 

As discussed in Chapter 3 the assumptions of Hertzian pressure distributions in 
the contact area do not hold when a fluid film is present. Due to the hydrodynamic 
action the pressure distribution is more peaky. This will have an influence in the 
calculation of the elastic region C as used in the foregoing analysis. To estimate 
the influence of the reduced pressure the shear modulus was calculated along the 
previous method but with the reduced pressure in equation (5-6). The reduced 
pressure may be calculated from the pressure ratio as given below; 

(5-7) Pp = 1-4 Ge"*2® e("2.3/k) 

where Gg = Johnsons elasticity constant [-] 

YI = Inlet shear heating factor [-1 
k = aspect ratio (b/a) [-1 

Pp = fraction of the theoretical Hertz pressure [-] 
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The reduced contact pressure is then the product of the Hertzian peak pressure times 
the pressure ratio. The results including this effect are presented in Appendix II 
in the column labled GP for the modulus and as CP for the semi elastic contact 
length. Also the reduced film thickness due to inlet shear heating was used. As can 
be seen from the results in Appendix II there is not a significant change in the 
value of C and CP and hence the influence of reduced pressure is not very strong on 
the modulus. 

5-2 EXTRACTION OF Tiiu LARGE STRAIN PARAMETERS. 

The large slip region , that is the region beyond the traction peak, is 
exclusively governed by the dissipative element in the rheological equation. AU the 
elastic effects have completely disappeared so that it is now quite easy to extract 
the governing parameters for this region. In essence what is required is a reverse 
analysis of the traction calculation normally used for the calculation of the 
traction curves. As we shall see only two parameters are truly required to fit this 
large strain region. 

Of the five paramete.s shown in equation (3-13) , two derive from the simple fit of 
the atmospheric temperature viscosity data to the Vogels viscosity equation; 

A 

(5-8) n (6) = VO e (»+D) 

The constant B comes from the description of the Barus pressure viscosity 
relationship in the form; 


B P 

(5-9) ri =n (8) e (®+D) 

This form can be directly derived from the Roelands equation for viscosity 
pressure. Table 5-1 shows the viscosity constants as used for the two fluids tested, 
together with the thermal parameters as used in (3-9) and (3-10). These constants 
remained the same throughout the analysis and prediction of the data. 



SantoSO 

'TOF-SO 

Units 

VO 

1.69E-04 

6.75E-05 

[Pa. sec] 

A 

585 

777 

[**C] 

D 

75 

84 

[*C] 

B 

2.98E-06 

2.98E-06 

[«C/Pa] 

ks 

15 

15 

tW/m®C] 

kf 

.15 

.15 

[W/m«C] 

Ps 

7800 

7800 

[kg/m3] 

Cs 

500 

500 

[J/kg«C] 


Table 5-1 Fluid and roller material constants used in the analysis. 
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It remains therefore to find the constants E and C. These can be derived from the 
thermal region of the traction curve itself by curve fitting equation (3-13) to it. 

For this purpose it is better to write this equation in a slightly different form; 


(5-10) 


T 

0+D 




A + BP 
0+D 


Ln 


(il£i)] 

0+D 


For the temperature 0 we will use the shear plane temperature 0(» as 
calculated by equation (3-9). From the above equation it is apparent that if this 
relationship holds then the results from the traction measurements should form a 
straight line when plotted in the above fashion. The slope of this line reflects the 
value for C while the intercept is indicative of the value for E. 

In thesc calculations the shear strain rate is considered to be constant over the 
contact area and throughout the thickness of the film. Its magnitude is given by; 

Y = AU/h tsec“l] 

where h = central filmthickness (ml 

The central filmthickness is calculated from the expressions by Hamrock and Dowson 
[32]. Further modifications to this film thickness to allow for inlet shear heating 
were made by using the Wilson and Murch [33] approach. 

5-3 ANALYSIS OF THE EXPERIMENTAL RESULTS. 

From the experimental traction data the curves as selected in Chapter 2 were analyzed 
in the above fashion and the results plotted in Fig. 5-1 through 5-6. For the 
remainder of the traction curves the resulting values of E and C are shown in 
Appendix III under the columns E1,C1,R1 and E2,C2,R2. The difference between these 
constants is that the suffix '1' denotes isothermal inlet conditions while suffix '2' 
denotes the results with inlet shear heating effects. In each case a best fit value 
of C and E were selected and the corresponding R values indicate the regression 
coefficient obtained. 

In order to reproduce the original traction curves we will need three separate and 
distinct constants (G,E,C). However if the values of C2 and E2 are examined in 
Figures 5-1 to 5-6, or in Appendix III it can be observed that for a given fluid 
these parameters do not change muc. .. This suggest that more than one traction curve 
can be analyzed in the above fashion to get just one pair of values for a whole 
family of traction curves. 

5-3-1 MULTIPLE TRACTION CURVE REGRESSION. 

Multiple curve regressions were carried out for the groups of traction curves as 
shown in the report and the results are shown in Fig. 5-7 to 5-12. In each case it 
may be observed that the fit is reasonable. An even better fit can be obtained if 
those curves that have some asperity contact are left out. This was done for the 
results as reported in Fig.5-13 and 5-14. These two figures include all the traction 
tests for the two fluids as shown in Chapter 3 with the exception of those tests 
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where some asperity contact took place. As can be seen from these two figures the 
degree of fit is remarkably good if v.'e remember the fact that the traction tests were 
taken under such varying conditions of speed, aspect ratio, contact pressure and 
inlet temperature. This suggest that perhaps as few as two constants are required to 
describe the large strain traction region on a traction curve taken under any 
condition, provided that it is fully flooded. For partially flooded traction curves 
a different approach will be used. 
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6-0 TRACTION PREDICTION 

^ Wc will now turn to the prediction of the traction traces that we have analyzed so 

far. There are several ways in which this can be done depending upon the source of 
our data. First we will compare the theoretical and experimental data based upon the 
constants as derived from the curves themselves. This serves to illustrate that the 
general shape of the experimental traction curves is adequately predicted by theory. 
This will be done for curves without and with spin. 

Next we will restrict the p'*ediction technique so that we will use only constants 
as fitted to a whole family of experimental traction traces. From the comparison of 
predicted with the experimental results we should be able to ascertain the validity 
of the fact that the non-linear traction constants E and C are common to all the 
, traction curves and can therefore be thought of as being intrinsic to the fluid, at 

least for a good range of the experimental conditions. Again non spin and spin 
traction results will be examined. 

Thirdly we will take the effect of asperity traction into account. In order to do 
that we require that the theoretical prediction technique be used to to correctly 
f- predict the fluid traction portion of the experimental data only. The difference 

between the fluid portion and the experimentally observed traction will be taken as 
the traction due to asperities in contact. 

6-1 PREDICTION WITH INDIVIDUAL CONSTANTS, 
r To see the accuracy of the prediction technique with the elastic/plastic thermal 

method the first way to predict the traction traces is by using the very constants 
that were derived from them. For each trace this means the three fluid parameters of 
shear modulus, and the two parameters from the nonlinear thermal analysis. At this 
point it is possible to ignore the influence of asperity traction since this has gone 
I into the constants that were obtained from the curves. To ignore this asperity 

traction is not correct however for the sake of comparison the starved traces are 
included here. Fig 6-1 and 6-2 show the experimental traction traces without 
starvation and in Fig 6-3 and 6-4 compare the predicted traces (continues lines) with 
the experimental results (symbols). These predictions are for the traces without 
‘ spin. Fig 6-5 and 6-6 compare the theoretical traction traces v^ith the experimental 

data for contacts under spin. All these predictions are based upon individual 
constants. The original experimental spin traction cjrves are shown in Fig 2-16 and 
2-17. Similarly Fig 6-11 and 6-12 show the experimental traction traces that include 
some asperity contact. The comparisons between predicted and experimental traces for 
' these are shown in Fig 6-13 and 6-14. The constants used in the prediction are 

listed under the trace numbers in Appendix II and III. 

From the comparison the prediction technique appears quite successful with good 
fit in the initial traction region and in the nonlinear region. At larger slip the 
prediction of traction is above the experimental. The reason for this is thought to 
^ be that the disc temperature in the experimental traces increases with increasing 

slip. In the theoretical predictions however it is kept constant. The experimental 
traces will therefore show a lower traction than the theoretical. For further 
clarification on the various predictions and curve numbers see Table 6-2. 


O 



6-2 PREDICTION WITH MULTIPLE FITTED CONSTANTS. 

That the predictions as described above give good predictions is more or less 
expected because otherwise there would be a serious fault in the analysis somewhere. 
However based upon the multiple curve fit that we did for the non-linear parameters 
it is tempting to use these for the theoretical predictions. This means that we 
would only have two non-linear constants for the entire traces as predicted in Fig. 

6-3 ,6-4, 6-5 and 6-6. Also with this technique we can separate the asperity 
traction from the fluid traction by predicting what the traction for the particular 
conditions would have been based upon the fluid traction only. Comparison with the 
experimental traces allows us to separate the asperity traction as a function of the 
nunioer of asperities in contact. The number of asperities in contact can be obtained 
directly from the voltage fraction from the experiments. 

In order to use the theoretical prediction technique as outlined we will need a 
relationship for the dependency of the shear modulus on temperature and pressure. 

For the range of variables as shown in Fig 6-1 and 6-2 the modulus was fitted to the 
following expression; 

(6-1) For SantoSO: = .131 + .122 Pq -.002 9© iOPa] 

and TIF88 : Gc = .077 + .061 Pq -.OOO70o iGPa] 

Also the non-linear constants were obtained frcm the curve fit shown in Fig. 5-13 
and 5-14. These constants are; 

(6-2) SantoSO ; E2 =1.3557E-06 C2=2.803E-05 

TlffSS : E2 =1.1402E-06 C2=3.108E-05 

The comparison between experimental and predicted tractic". traces shown in Fig. 6-7, 
6-8, 6-9 and 6-10 were based on these constants only. The accuracy in the prediction 
is very good especially if we consider that only two non-linear thermal and one 
isothermal constant are used for the entire prediction of the traces. This proves 
that the elastic/plastic thermal model is in fact adequate as a traction model. 

Further improvements could be made if for example a Roelands type viscosity pressure 
relationship were used and if some thermal allowance were made for the increase in 
the disc temperature with increasing slip. All In all though the prediction is very 
good keeping the simplicity of the model in mind. 

6-3 THEORETICAL TRACTION PREDICTION WITH ASPERITY CONTACT. 

So far we have only dealt with the fluid traction in the contact. We have 
carefully selected traces that were free of asperity contact for our data prediction 
However we know from the experimental results that asperity contact does occur under 
conditions of starvation where inadequate fluid is supplied to the inlet of the disc, 
or under conditions of high temperature and low speed where the film formation 
capability of the fluid is insufficient. With the help of the prediction technique 
for the fluid traction in the contact we can obtain the influence of the asperity 
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traction for a given asperity contact condition. 

The experimental traction curves that have varying degrees of asperity contact are 
shown in Fig. 6-11 and 6-12. The theoretically predicted traces by the method used 
in section 6-2 are shown in Fig 6-15 and 6-16. These traces are for the pure fluid 
traction only. Any difference between them and the experimental traces must be due 
to the asperity traction. This difference can be obtained by superimposing one curve 
on the other and measuring the average difference between the two traces. It would 
be expected that only some average difference can be obtained in this way. The table 
below gives these averaged differences for the sets of traction traces. 


. / 


Asperity Traction 

for TDF88 

Asperity Tract ion 

for Santo50 ! 

Volt. Fract. Fz 

Asp. Tract. 

Volt. Fract. Fz 

Asp. Tract. | 

(-) 

(N) 

(N) 

(-) 

(N) 

(N) i 


600 

13.5 

.78 

600 

18.5 * 

.8 

600 

13.5 

.68 

600 

11.9 

.8 

600 

10.4 

.3f 

600 

8.5 

.91 

600 

6.1 

.8f. 

1200 

' 18.6 * 

.85 

800 

6.0 

.6:> 

1000 

t 13.2 

.94 

400 

6.5 

.93 

600 

1 3.9 

.69 

1000 

9.3 * 

.94 

400 

3.4 




.85 

j 400 

4.5 1 


Table 6-1: Asperity traction forces for the traction curves shown in Fig. 6-11 and 
6-12. The items with a were not included in the final correlation. 


Figures 6-21 a,b *;.low show the results from this table in a more direct form. 
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Fig 6-21a,b: Relationship between traction increase due to asperity contact and the 
contact fraction for TDF86 and Santo50. 
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6-3-1 ANALYSIS OF THE ASPERITY TRACTION. 

From the results in the table it can be seen that the amount of extra traction 
resulting from the asperity contact is roughly proportional to the contact fraction. 


* 


This contact fraction is given by; 


(6-3) Cf = 1 - VF 

where VF = Voltage fraction of the film 

This voltage fraction is measured for each experiment and is an indication of the the 
separation of the discs. The contact fraction Cf is a direct indicator of the 
number of asperities that ore in contact. Leather et al [29] shows that the average 
number of contact points is related to the contact fraction as follows; 

(6-4) f = Cf / ( 1 - Cf ) 

when we are dealing with a rolling/ sliding circular contact. At small -alues of 
Cf we see that the number of asperity contacts is directly proportional to the 
contact fraction. Even at values of Cf = .2 the error in assuming linearity is 
only 25% 

The other point that we need to address is the relationship between asperities in 
contact and the traction increc.se that results from this. For the theory of asperity 
contact by Greenwood and Williamson [30] the surface roughness is assumed to be 
Gaussian in its height distribution and in its peak distribution. For .nis form of 
distribution they showed the following for the contact, of asperities between dry 
surfaces; 

i) the number of contacts is proportional to the load, 

ii) the average contact area per asperity is load independent, 

iii) the average pressure per asperity is load independent. 

We will assume that conditions ii) and iii) hold even for lubricated contacts. 
Condition i) is not applicable here because the load is not only carried by the 
asperities but by the fluid film as well. We will however assume that all the load 
is carried by the film so that the number of asperities in contact will have no 
influence on the local pressure in the contact. Even though *he averages of the 
asperity contact pressure and the areas are constant for surfaces with Gaussian 
roughness distribution it is possible that the larger contact areas predominate in 
the traction response. Also the traction from the asperities will depend *■ \ the 
shear behaviour of the material at the asperities. This material could be some 
traction fluid trapped under the asperity contact itself, forming a micro traction 
contact, or it could be some solid material such as some boundary lubrication 
additive or perhaps even the disc material itself. 

The implications of these two possibilities are quite different for a traction 
contact and it is important for us to establish which mechanism predominates. The 
two possible forms of asperity traction can be stated in the following two 
hypotheses; 


I) I the increase in tractior> force is proportional to the number of 


contacts op, 

II) : the increase in traction coefficient is proportional to the number 

of contacts. 

We shall use the experimental data to test the two hypotheses and establisii which is 
the more correct form to use. We can do this by fitting straight line relationships 
to the actual asperity traction data and observing the degree of fit obtained. The 
equations that will be used are as follows; 

(6-5) for hypothesis I) ; Fy(asperity) = f * C3 
,, „ II) : Fy(asperity)/F 2 = f * C3 

Testing the two hypotheses on the asperity traction data we obtain the following 
results; 





SantoSO 


11^88 




R* 

F 

C3 

R* F 

C3 

For hypothesis 

1) : 

.39 

4.5 

25 

.56 7.5 

23 

For hypothesis 

11) : 

.41 

4.8 

.033 

.2 1.5 

.023 


Where R* is the square of the regression coefficient and F is numerical value for 
the 'F' test used in statistics, see for example Draper and Smith [31]. It is not 
very clear from these values which of the hypotheses are correct. In both cases 
however the degree of fit indicated is very low. This can be corrected somewhat by 
eliminating some outstanding data points. After eliminating the points indicated by 
a star (•) in Table 6:1 we obtain the following results; 





banto50 

TDF88 




R* 

F C3 

R* 

F 

C3 

For hypothesis 

I) : 

.89 

43 24 

.85 

28 

37 

For hypothesis 

II) : 

.71 

12 .028 

.64 

9 

.055 


The above values now clearly favour hypothesis I) over n). Furthermore the 
dependence of the asperity traction seems pretty nearly independent of the type of 
fluid in the contact. This suggests that we are dealing with the traction due to 
some common material in both cases such as an additive or perhaps even the disc 
materials themselves. Lumping all the asperity traction data together results in the 
following values; 

Hypothesis I) : R* = .75 F=32 C3=25 

Hypothesis II) : R* = .46 F=9 C3=.03 

Again hypothesis I) is clearly more plausible than II). From this analysis the 
dependence of asperity traction on the contact fraction is given by; 
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(6-6) Fy(asperity) = (1-VF)/VF * 25 (N) 

The overall degree of correlation between this expression and the experimental 
results may be observed from Fig. 6-22 . 

Fxpression (6-6) can now be used in the prediction of the traction curves which have 
a significant amount ot asperity contact in them. The asperity traction should be 
added in as a proportion of the plastic traction, ie. when all the traction is due to 
complete plastic like slip in the contact then the full amount of asperity traction 
is added in. On the other hand when the contact traction is solely due to elastic 
effects the fact that asperities are in direct contact does not result in a higher 
traction,. The reason for this is that the initial traction slope is mostly due to 
the elastic creep of the disc material and so the elastic deformation of the 
asperities in contact would be the same at the remainder of the roller material in 
the contact. Not until actual sliding of one asperity past another occurs will the 
effect of asperity contact reveal itself in an increased traction. Ip fact it is 
entirely conceivable that for very rough surfaces in dry contact the effect of 
asperity contact is one whereby the initial elastic slope is lower than when the 
surfaces are smooth. 

Fig. 6-17 to 6-20 compares the predicted with the experimental traction curves with 
the asperity traction included. The agreement between theory and experiment is very 
good in most cases, considering the rather simple modeling that is used here. 


FIGURES SHDhflNG BASIC 
EXPERIMNTAL EWTA 

FIGURES SHOWING TOE 
aM>ARlSCN WITH PREDICTED. 

Fig. 

1 

Fluid 

Spin 

starved 

Fitted 

Fixed 

Including 

# 

name 


/flooded 

Constants. 

Constants. 

asp. traction 

6-1 

11^88 

none 

flooded 

6-3 

6-7 

N/A 

6-2 

SantoSO 

none 

flooded 

6-4 

6-8 

N/A 

2-16 

WBSS 

yes 

flooded • 

6-S 

6-9 

6-19 

2-17 

SantoSO 

yes 

flooded • 

6-6 

6-10 

6-20 

6-11 

TDF88 

none 

starved 

6-13 

6-lS 

6-17 

6-12 

SantoSO 

none 

starved 

6-14 

6-16 

6-18 


* Partially starved results 


Table 6-2: Comprehensive overview of the figure numbers showing the experimental and 
predicted data. 
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j 7-0 CONCLUSION 

Ultra high speed traction tests were perl .ined on two traction fluids commonly 
employed. The range of the tests variables were; contact pressure from 1 to 1.8 
GPa, disc surface velocity from 50 to 120 m/sec, fluid inlet temperature from 50 to 
120 'C , contact spin from 0 to 1.5% and inlet fluid supply from fully flooded to 
, fully starved. A total summary of all the traction tests performed may be found in 

Appendix I. The resulting traction curves were reduced to three constants by using 
the Johnson and Tevaarwerk isothermal traction model coupled to a thermal correction 
technique for large slip and spin results. The three constants are the elastic shear 
modulus and two non linear thermal parameters and are reported in Appendix II and 

< III. 

Theoretical traction predictions were performed for a representative number of 
curves that showed the influence of rolling velocity, of contact pressure and of 
aspect ratio. To establish the accuracy of the thermal model the predictions were 
performed with increasing levels of independence of experimentally determined 
C parameters. In the final resulting prediction only two non linear thermal parameters 

were used for the prediction of 15 different traction curves covering the entire 
range of variables as used in the investigation, with the exception of the influence 
of asperity traction. Comparison of these theoretical curves and corresponding 
experimenial traces show very good agreement, in support of the Johnson and 

< Tevaarwerk modified thermal model. 

The influence of asperity traction was extracted from the experimental curves with 
starvation by predicting the traction under fully flooded conditions and using the 
difference to predict the asperity traction as a function of the number of asperities 
in contact. It was found that the amount of traction force per asperity in contact 
' was pretty well independent of the traction contact conditions and also of the 

traction fluid. Comparison between theoretically predicted traction curves including 
the effect of asperity traction and e>:perimental curves shows reasonable agreement. 

It is felt that the degree of success that is shown by the theoretical predictions 
can be further improved upon by using the Roelands pressure viscosity equation and 
^ also by making allowance for the rising temperatures of the traction discs as slip 

increases. This will introduce one more disposable constant for the fundamental 
fluid traction data however it will result in an improved prediction of traction. 
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O 


O 
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FLUID TRRCTION DR^R BT RPPLIED TRIBOLOGT LTD 
TEST FLUID IS TDF >i^ FULLY FLOODED RESULTS 





Fig. 2-4 Experimental traction results for ITYFRB, 
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FLUID TRRCTION DRTfl BT RPPLIED TRIBOLOGT LTD 
TEST FLUID 15 SflNTOSO FULLY FLOODED RESULTS 





2-6 Cxperimefital traction results for 5VSMTOSO. flooded results for incieasirK} s^>eod. 





FLUID TRRCTION DflTR BT RPPLIED TRIBOLOGY LTD 
TEST FLUID IS S0NT050 STARVED FILM RESULTS 



Fig. 2-7 Experimental traction results for SAfMtiSO. 5^tarve<l results for increasing speed 
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2-8 Experimental traiYtion results for TUF88, Floo^!«l results for increasirxj pressure 
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Fig. 2-9 Experimental traction results for TOF08. Starveti results for increasing pressure 
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Fig. 2-10 Experimental traction results for SAfsnT)5(). Flooded results for increasing pressure 










FLUID TRACTION DOTfl BT RPPLIED TRIBOLOST LTD 
TEST FLUID IS SfiNTOSO STARVED FILM RESULTS 



Fig, 2-11 Experimental traction results for SANT050, Starved results for increasing pressure. 
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TRACTION DPTO BT APPLIED TRIBOLOGT LTD 
LUIO IS TDF88 STARVED FILM RESULTS 



Fig. 2-13 Experimental traction results for 'IDF88. Rtarvtyl results for increasing aspect ratio 













FLUID TRACTION DRTP BT APPLIED TRIBOLOGT LTD 
TEST FLUID IS SflNTOSO FIJLLT FLOODED RESULTS 



Pig* 2-14 Experimental traction results for SANToSO. Flooded results for increasing aspect ratio 
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TEST FLUID 15 SflNTOSO STARVED FILM RESULTS 



Pig- 2-15 Experimental traction results for SANTOSO. 
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Fig. 2-16 Experimental traction results for TOF88. Spin traction curves 



FLUID TRACT I ON DRTfl BT APPLIED TRIBOLOGY LTD 
EXPERIMENTAL TRACTION CURVES FOR SANT050 
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Fiq. 2-17 Experimental traction results for SAtTTOSO. Spin traction curves 
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FLUID TRACTION DRTR BT APPLIED TRIBOLOGT LTD 

TEST FLUID 15 SRNT050 

THERMAL HYPERBOLIC SINE RNRLTSIS 



Fig. S-2 Regression line for individual thenr>a) ronsFants on SAMTOSO for increasing s|xux] 
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Fig. 5“7 Regression line for coinbineci thermal const ants on TllPBB for increasing sp}od. 
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FLUID TRRCTION DRTR BT RPPLIED TRIBOLOGT LTD 
EXPERIMENTAL TRACTION CURVES FOR TDF88 



Ficj, 6 1 Experimental side slip traction curves for TDF88 at various pressures, temperatures, aspect ratios and 
rolling velocities. 
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FLUID TRACTION DFITfl BT RPPL IED T RIBOLOGY LTD 
EXPERIMENTRL TRRCTION CURVES FOR TDF88 





Fig. 6-1) Exj>primontal traction curves for TOF88 under starve<i coiniitions at various pressures, tem{X3ratures 
•oiling velocities aix) asixfct ratios. 
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Fig. r,-i2 Kxpjrimental tiaction curves for SAhm)50 under slarvtxl coiKHtions at various pressures, temperatm 
rolling velocities ainl ar.ix.'ct ratir- . 
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Individual Thporetlcol Curves for 5flNT050 
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Fig. 6-15 Theoretically prtxUcltxi Lrctction curves tor TDF88 under assumed fully floodeii conditions based upon 

multiple curve fin<>d Ihennal consfants aixi shear modulu;; at. various pr.;ssures, tem|«ratures, rollinq 
velocities arvl a;;ix>c-t i.i‘, los. ' ^ 
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Fluid Traction Data bu APPLIED TRIBOLOGY U d 

Theor. Troc+lon Curves for TDF88 ulth flsperl~ty TracMon 
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(i-I7 ('oiii(Mirison of cxpcrimcnttil with thooretic^iliy prcHJi(*tc<l tru<'tion curves for 'I'DFKH iiichuiing asperily traclion due to 
stiirvod i‘oo(litioiis based uf>on n ut t ipie curve filled (hernial constants and sliear modulus at various pressures, temperatures, 
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AH>ENDIX I SUMMARY OF THE TRACTION TEST EATA. 


The traction tests performed under this contract are sumnarized in this 


i 

Appendix. The 

nomenclature used is as follows; 



Test # 

Number of the particular test 

(YYMMDD-##) 


Po 

Maximun calculated Hertz contact stress 

(GPa) 

f 

Uo 

Surface rolling velocity in linear region 

(m/sec) 


To 

Di.sc surface t^perature in linear region 

CC) 


SP 

Angle of tilt for spin 

(') 


VF 

No-oontact voltage fraction 

(-) 


RX 

Equivalent rolling radius of discs 

(mti) 


RY 

Equivalent transverse radius of discs 

(nm) 

• 

e 

Curvature offset for RY 

(irm) 


06 

Dimensionless spin ( ab/U) 

(-) 


KK 

Contact aspect ratio (b/a) 

{-) 


A 

Semi contact size in rolling direction 

dim) 


MS 

Slope of curve in linear region 

(-) 


MU 

Peak traction coefficient 

(-) 
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AK>ENDIX II SUMMARY OF TOE MODULUS ANALYSIS DATA. 


The various shear moduli calculated from the experimental results are 
summarized in this Appendix. Ihe nomenclature used is as follows; 

Test # Number of the particular test (YYMMDD-##) 

Po Maximun calculated Hertz contact stress (GPa) 

Uo Surface rolling velocity in linear region (m/sec) 

To Disc surface tanperature in linear region ('C) 

VF No-contact voltage fraction (-) 

ECK Contact aspect ratio (b/a) (-) 

MS Slope of curve in linear region {-) 

HG Regression coefficient on the slope (-) 

MR Wet to dry slope ratio (-) 

Ho Isothermal film thickness (un) 

YI Inlet shear heating factor (-) 

GB Fluid shear modulus without corrections (GPa) 

GC Modulus with simple comp* ance corrections (GPa) 

C' Effective dimensionless contact radius (-) 

GJ Modulus with complex compliance corrections (GPa) 

PR Reduced pressure ratio (-) 

C? As C above but with reduced i^essure (-) 

GP As GJ above but with inlet shear heating 

and reduced pressure taken into account (GPa) 
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APPEJJDIX III SUMMARY OF THERMAL HYPERBOLIC SINE ANALYSIS. 


The various hyperbolic sine thermal constants calculated from the 
experimental results are summarized in this Appendix. The nomenclature 
used is as follows; 


Test # 

Number of the particular test 

(YYMMDD-##) 

Po 

Maximum calculated Hertz contact stress 

(GPa) 

Uo 

Surface rolling velocity in linear region 

(m/sec) 

To 

Disc surface temperature in linear region 

CC) 

VF 

No-contact voltage fraction 

(") 


Contact aspect ratio (b/a) 

(-) 

SP 

Dimensionless spin ( abAI) 

{%) 

Ho 

Isothermal film thickness 

(un) 

YI 

Inlet shear heating factor 

(-) 

El 

Hyperbolic sine constant for intercept 
using no inlet shearheating or reduced 



pressure effects 

(Pa.s) 

Cl 

Slope constant for the above 

( 'C/Pa) 

R1 

Slope regression coefficient for the above 

(-) 

PI 

Pseudo Peclet number for the above 

(-) 

E2 

Hyperbolic sine constant for intercept 
using inlet shearheating and reduced 



pressure effects 

(Pa.s) 

C2 

Slope constant for the above 

( 'C/Pa) 

R2 

Regression coefficient for the above 

(-) 

P2 

Psuedo Peclet nunber for the above 

(-) 



SUMMARY OF THERMAL HYPERBOLIC SINE ANALYSIS ON TDF88 


# 


APPENDIX III-A 


t 






VO s r* 

rs rH CN m os os VO 

00 

m 00 vo 

0 rH 0 

VO in r- 



m 

0 os 

VP 

vp 

OS 

0 

CN 

os 

CM 

f 

cN 00 in 

cn os 00 VO CN 00 

r- 

-H vo 

00 CN 

CN N* 0 

VP 

VO 

0- 

N* 0 

vp 

0 

00 

cys 


00 

Ou 

1 

m 0 

os 0 0 N* ro n* m 

0 

*H rH 

OS OS v£> 

OS N* N* 

vP 

in 

VP 

r- (N 

rH 

N* 

OS 

Pr 

vp 

OS 



<H 

•H iH 

rH 














rsi 

1 

<T> (T> 

cTs ^ m OS oi 00 OS 

00 

0 OS 

vp OS 

00 0 0 

00 

os 

00 

00 0 

0 

OS 

00 

00 

0 

3 

X 

1 

oy 

os Os Os OS OS OS Os 

OS 

os • os 

os os os 

Os • • 

os 

os 

os 

os • 

• 

OS 

OS 

OS 

• 

• 



• • • 


• 

• iH • 

• • • 

• rH rH 

• 

• 

* 

• rH 

H 

• 

• 

• 

H 

H 



^ ^ ^ 

H* ^ ^ ^ <1* ^ ^ 


N* ^ N* 

N* Hf N* 

N* N* N* 


N* 


N* N* 

N* 

N» 


N* 

TT 

N* 


H3 

0000000000 

0 

000 

000 

000 

0 

0 

0 

0 0 

0 

0 

0 

0 

0 

0 

CM Oi 

t ) i 

1 1 1 1 t 1 1 

1 

1 f t 

t f 1 

t 1 f 

1 

1 

1 

r t 


1 

1 

1 

t 

1 

O \ 

Ci3 03 jJ 

CO Ci3 o3 Ci3 u3 CU Cx3 

Ci3 

Cd Cd Cd 

Cd U3 Cd 

Cd Cd Cd 

Cd 

Cd 

■d 

Cd Cd 

U3 

d 

Cd 

Cd 

Cd 

Cd 


U 

CN ^ 

VOVOOS*HOOVO^VO 

00 rH m n* 00 

OS rH 

m 

vp 

N* 

m 0 

H 

CN 

OS 

0 

OS 

vp 


“ 

CN CN nj 

• • • 

rO ^ iH (N CN CN ^ 

CN 

• 

^ CN CN CN ^ 00 

os CN os 

• • • 

os 

• 

OS 

• 

P'S 

0 0 

rO 

• 

OS 

• 

OS 

N* 

H* 

CN 



VO ^ in 

^osvovo^mc^vo 

^ vo in 

VO OS VP 

^ vp N» 

m 

Hf 

m 

m m 

in 

in 

N* 

in 

m ip 


(0 

000 

0000000 

0 

000 

000 

000 

0 0 

0 

0 0 

0 

0 

0 0 

0 0 

(N 

Cd 

m 

1 1 t 

Ci3 CO 03 

1 t t t 1 1 I 

Cs3 C^ b3 Ci3 U3 Ci3 ^ 

1 

Ci3 

1 1 t 

£d rd Cd 

i \ t 
Cd Cd Cd 

1 f 1 

Cd Cd Cd 

1 

Cd 

1 

Cd 

1 

Cd 

1 1 

Cd Cd 

1 

Cd 

1 

Cd 

1 

Cd 

fd 

1 

Cd 

f 

Cd 


04 

VO ni 

VO ^ VO 00 in m <H 


00 00 in 

m in vp 

vp 

.H 

0 <N 

0 <H 

00 

H 

H 

N* 

OS 

OS 



^ rH CN 

• • • 

VO ^ VO ro rH rH CN 

VO 

0 

0 ^ CN ^ 

• • • 

Os CN os 

« • • 

CN rO rH 

• • • 

CN vp rH 

• • • 

OS rH 
* • 

in H 

t • 

CN OS 

« • 



N* VO vO 

r^QOP^CNCnCNrOCN 

00 os 0 

os os 00 

00 os N* 

^ HT 

N* 

N* in 

m 

in 

m 

m 

in CN 


I 

r* 

00 CO 00 00 

CO 

00 00 OS 00 00 CO 

00 OS OS 

OS 

OS OS 

os os 

os cys 

os os 

os os 

04 

1 

os ov cr> 

• • • 

Os os os os Os Os Os 

OS 

0 

OS OS OS 

• • • 

OS OS OS 

• • • 

Os OS OS 

• • • 

OS OS OS 

• • • 

os os 

■ • 

os 

• 

C3S 

• 

os 

• 

os 

* 

cys 

• 

OS 

• 



^ m 0 

os rH M os 0 

0 

m CN 00 OS 00 

N* CN 

Oh N* 0 

0 03 

os 

H 

in 

0 

0 

0 

rH 

» 

ro VO CN 

VO ^ VO rH in VO ® 

in 

OSOSinosrOOrHOS^OVOrHCNOO 

r- 

CN 

00 

in 

00 

vp 

04 

1 

ro ro 

00 00 os ^ »H ^ 

0 

^ rs n os os m 

0 CN m 

00 OS 0 

VP VP 

N* 


H OS 

m 

00 



ro CN s 

m 00 ^ ^ ^ CN 

<H 

os 

rH N* 

rH os CN 

OS m OS 0 


(N CN 

vp 

0 

H 





.H 







rH 




CN 

H 


jH 

1 

Os co OS 

0 

6 

8 

9 

0 

9 

0 

7 

os 0 os 

OS 00 0 

00 0 0 

cjs 0 os 

OS 0 

0 OS OS OS 

0 

0 

o: 

1 

os os os 

• OS OS OS • OS • 

Os OS • OS OS OS • 

OS • • 

os 

• 

Os 

OS • 

• 

OS 

OS 

OS 

m 

• 



t • • 

^ • • • ,H • ^ 

0 

• rH * 

• • rH 

• rH ^ 

• 

rH 

• 

• rH 

H 

• 

• 

• 

H 

H 



N* N* N* 

H* ^ ^ ^ ^ ^ ^ 

N* 

^ ^ N* 

N* N* ^ 

N* N* N» 


N* 


N» N» 

N* 

N» 


N* 

N* 



<0 

00000000000000000 

00000000 

0000 

0 

0 

iH 

04 

1 ( 1 

I 1 1 1 1 I 1 

1 

t 1 1 

1 1 f 

1 1 1 

1 

1 

1 

f 1 

1 

1 

1 

I 

» 

1 

u\ 

Ci 3 Ci 3 Cx 3 

Ci 3 CO Ci 3 u 3 Ci 3 Ci 3 CO 

o 3 Cs 3 Cd Cd b 3 U 03 

Cd Cd Cd Cd Cd u 3 

Cd Cd 

Cd 

id 

Cd 

Ld 

Cd 

Ld 


0 

in r- ^ 

^ 00 00 rH m 0 rH 


in VO 0 CN rH 

00 OS 


m 

OS m 

m H m OS 

H 

in 



r»^ro^inin^rom^in^ 

in CN os ro m m 

^ m OS ^ ^ ^ 

in os 

• ■ 

os 

« 

• 

• 

m 

• 

m 

• 

os 

• 


^romfNCNroTrrorocMfnfMt/>^^CMrF)tN<»)CNOO<No^rorofNoo<^ 
(0 ooooooooooooooooooooooooooooooo 

U ^ Qi}Cs3UCdCi]Ci3C4Ci3Ci]UCi3Ci}CU{U(<3CUCs3Di3UUCi3&3CiQCL)Ei3Ci3Ci3Ct3UUCd 

cu f^o^ao^o^^OP^»-^m<Na^^vpso»-^^roo^oooo^^r^f^^^^o^ooo^Lr^ 

r^o^o^v^oo»-H(N^fNr^v^^rMm^^^<Ni-HO>^oor^o^rsj<jsr^o^fN 


i-f I tno^ir)r 4 Qp«^r^^r-iin 4 nvo^^p^iHa^aN^<Nr^fMoo<^oor-ivof^i/>c^ 

>4 I 


o^fNfNO^^ooroor^CMp^m^^aofM^otnrMoaoroo^oiinoa^m 
o B a^ma>I^»lnp^ro^m^o^cN^^vo^ao^n<— »ovfi^r^ao^»Ha^^r-»ooLr)^ 

S3 . . 

^ rH t—i rH ^ ^ ^ rH rH ^ ♦ 

ooooooooooooooooooooooooooooooo 
04^ ooooooooooooooooooooooooooooooo 

w 

ooooooooooooooooooooooooooooooo 

^ I ooooooooooooooooooooooooooooooo 

^ I . . . . 


&4 

Kb 

1 

1 

OOOOOOOQOOODOOOOr^OOOOOOOOSOOiOCOOOOOOSOOSO 


^ 0 

H 

0 0 

rH rH 

rH 

rH 


rH 


rH 


rH 


rH 

rH 


rH 


rH 


rH 


rH «H 

0 u 

rH rH 

VO 

00 as 

CN vp 


0 VO 

OS 

vp 

VO 

00 

VO 

PS 

00 

rH 00 

CN 

rH 

00 

rH 


PS 

PS 

PS 

00 in 

E-» 

•• 

fK 00 

00 

as 0 

0 00 

OS OS 

rH OS 

rH 

rH 

CN 

rH 

CN 

0 

rH 

VO VO 


00 

00 

0 

00 

00 

00 

PS 

p^ PS r* 





rH 

rH 


rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 





rH 






0 


0 CN 

in 

in cn 

pK cn 

0 in 

CN OS 

m 

rH 

rH 

CN 

CN 

VO 

0 

OS OS 

CH 

CN 

00 

VP 

00 

in 

CN 

PS 

PS PS 


in m 

00 

00 ^ 

rH in 

m 00 

00 -H 

H 

in 

in 

00 

00 

0 

0 


00 

00 

rH 

rH 


H* 

00 

00 

rH rH H* 


S 



H 

H 


rH 

rH 





rH 

rH 




rH 

rH 





-H rH 



f%> fK. 


P^ pK 

PK 

rs m 

m ro 

CH 

VO 

VO 

VO 

VO 

VO 

VO 

CN CN 

CN 

CN 

CN 

CN 

00 

00 

00 

00 

00 00 rH 

0 


0 0 

0 

0 0 

0 fN 

CN CN 

CN CN 

CN 



H* 

H* 


H* 

VO VO 


VP 

VP 

VO 


r* 


p^ 

r** H» 

cu o« 

t • 

• 

• • 

• • 

• • 

• • 

• 

• 

• 

• 

• 

• 

• 

• • 

• 

• 

• 

• 

* 

• 

• 

• 

• • • 


0 

rH H 

rH 

rH rH 

rH rH 

rH rH 

rH H 

rH 

IH 

rH 

rH 

rH 

rH 

rH 

rH rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH rH rH 








0 rH CN 















0 rH CN PS 



1 

2 

3 

4 

5 

6 

7 

8 
9 
1 
1 
1 

rH 

CN 

fO 


m 

VO 

1 

2 

3 

4 

5 

6 
7 

00 PS ^ rH rH ^ 

m 

1 

1 1 

1 

1 1 

1 1 

1 1 

1 1 

1 

1 

1 

• 

• 

f 

• 

» 1 

1 

1 

1 

1 

• 

• 

1 

• 

1 1 1 


• 




H» 4T 


H* ^ 


in 

in 

m 

in 

in 

in 

H* 


H* 





H* 


^ H» 


I 

000000000000 

0 

0 

0 

0 

0 

0 

CNCNCNCNCNCNCNCNCNCNCNCNCN 

cn 

• 

300000000000000000000000 

00 

00 

00 

00 

00 

00 

QO 00 00 00 00 00 00 

00 00 00 00 00 00 

u 


oooeoooooooo 

0 

0 

0 

0 

0 

0 

0000000000000 

H 


CNCNfNCN(NCN<N(NmCN<Nrs| 

CN 

CN 

CN 

CN 

CN 

CN 

CNCNCNCNCNCNCNCNCNCNCNCNCN 



ooaooooooooocoooQOooaooo 

00 

00 

00 

00 

00 

00 

00000000000000000000000000 



Page 1 



i 



SUMMARY OF THERMAL HYPERBOLIC SINE ANALYSIS ON TDF88 


I 


APPENDIX ril-A 


Page n 





00 

V£> 

m 

VO 


<N 

M 

TO 

00 

ro 

vO 


ON 

m 

N* 

ir> 

M 

as 

N* ro ^ 

M 

ON 'JO 

ON 0 ON 


ON 

<M 

1 

00 

00 

o> 

•X) 

00 

ro 


VO 

00 

0 

X 

m 

X 

ON 

0 

(N 

X 

N* r- 

:Tn X X 

rH 

M M 

X m ON 

ON 

M 

04 

1 

m 


0 

00 


N* 

ro 

•0 

if) 

X 

m 

ro 

CN 

m 

m 

vO 

lO 

ro CN 

^ ro uo 


•JO N* 

uo uo uo X 



fN 

1 

0 

00 

o> 


0 

0 

0 

ON 

0 

VO 

M 

0 

0 

tn 

ON 

M 

'TN 

0 0 

<T> 0 X ON 

0 0 ON X ON P' 

ON 

0 

X 

1 

• 

o> 

as 

as 

• 

• 

• 

ov 

• 

X 

X 

« 

• 

as 

C5N 

T» 

ON 

• • 

as •as 

ON 

• • 

ON ON ON ON 

ON 

# 



M 

• 

• 

• 

M 

M 

M 

• 

M 

• 

« 

M 

M 

9 

ff 

• 

• 

M M 

• M • 

• 

M M 

« • • • 

• 

M 






N* 



N* 



N* 

N* 

N* 

N* 

N» 




N* ^ 

^ ^ N» 


0» N* 

^ ^ ^ 

N* 




0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

000 

000 

0 

0 0 

0000 

0 

0 

CM 

04 

I 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 1 

1 1 1 

1 

1 1 

1 1 1 1 

1 

1 

u \ 

Ci3 

CO 

Cd 

!o 3 

Cd 

Ct3 

uQ 

ijQ 

LO 

03 

03 

03 

u3 

03 

X 

03 

X 

03 Cz3 

o3 03 X 

X 

X 03 

Ct3 03 X 

X 

X 


U 

<J> 


m 

a^ 


VO 

ro 

ro 

liO 

0 

M 

0 

X 

as 

as 

iT> 

(N 

ro as 

r-- M X M 

CN M 

r- X X r'^ 

N 

0 


• 

CN 

• 

ro 

• 

ro 

• 

ro 

• 

ro 

• 

CN 

• 

CN 

• 

ro 

• 

rsi 

• 

5j» 

• 

CN 

■ 

ro 

CN 

• 

ro 

• 

CN 

• 

• 

ro ro CN 

• • • 

ro ro ^ 

• • • 

ro 

• 

CO ro ro ro ro ^ 

ro 

• 

m 

9 





m 

ro VO 

vO 

VO 

uo 

lO VO 

\T\ 

lT> 

m 

iT> 

m uo 

uo if) 

lh uo 

X 

X N* 

^ uo X ^ X X 


(0 

0 

1 

0 0 

0 0 

0 

0 

0 

0 

0 0 

000 

0 

0 

0 

0 0 

000 

0 

0 0 

0000 

0 

0 

Cd 

fO 

1 

u3 

1 

1 

U 

I 

u 

:o 

1 

U 

1 

a3 

1 

03 

1 

03 

1 1 
u3 03 

1 

03 

1 

03 

f 

03 

1 

03 

r f 1 f 
03 03 03 03 

1 1 1 
X 03 o3 

1 

X 

1 1 
03 X 

III* 
03 X X 03 

1 

X 

1 

X 


04 


ro 

M 

ro <N M 

m CN 0 

liO ^ 

0 0 M 

X 

r- 


liO iD 

X ON CN 

X 

N* X ON M 

ro CN 



M CN 00 

00 

M ro ro tn M M ^ 

M 

M 

ro 

CN ro ro M M 

M M M CN 

X M 

ro ro ^ X 

r- ON 




CN 

CN CN 

CN 

ro CN 

CN CN 

CN 

X ro 

rr 

N* 

Tf 

Hf 

HI* 

UO 

uo uo 

X uo 

UO X 

^ UO 

uo uo uo uo 

ro 



X 

1 

ON 

CTN ON 

CTN 

ON 

ON ON On ON 

ON ON 

as 

ON 

ON 

ON ON 

ON 

ON CTN 

On ON ON 

ON 

ON ON 

ON CTN ON ON 

ON 

ON 


X 

1 

ON 

• 

ON ON 

« • 

ON ON ON On On 

ON 

• 

ON ON 

• • 

ON 

• 

ON 

# 

CTN 

• 

ON On on Os on 

ON ON ON 

• • • 

ON 

• 

ON ON ON 

• • • 

ON ON ON 

• • • 

ON 

• 

ON 

• 




UO 

ON 

0 

0 

uo 


ON 

ro 

m 

0 

r- 


CN 

X 

ro 

X 


uo 

X 


ON 

CM 

uo 

0 CN 

0 

X 


UO 


rH 


M 

1 

M 

X 


UO 

X 

X 

X 

ro 

ON 

X 

uo 

uo 

rH 

CN 


ON 

X 

0 


M 

CM 

X 


0 UO 

ro 

ON 

uo 

rH 

rH 

UO 


04 

1 

X 


0 

X 

0 

ro 

X 

X 


rH 

0 

X 

CN 


X 

X 

uo 

M 

CN 


ro 

X 


X CN 

ON 

ro 

HJ* 

0 



t 



M 

X 


ro 

ON 

CN 

M 

X 

N* 

0 

HT 

rH 

rH 

X 

ro 

X 


CN 

M 

•V 

CN 

X 

CM 

X ro 

r- 

X 


X 

HT 

CM 

« , 






rH 






rH 





















1 

M 

1 

0 

ON 

0 

ON 

0 

0 

ON 

0 

0 

CN 

ON 

0 

0 


ON 


ON 

0 

0 

CTN 

0 


ON 

0 0 

0 

ON 

0 

CTN 

0 

0 

\ 

X 

1 

• 

ON 

• 

CTN 

« 

• 

ON 

• 

• 

ON 

X 

• 

• 

ON 

ON 

ON 

ON 

9 

• 

CTN 

• 

ON 

ON 

• 9 

9 

ON 

• 

CTN 

• 

• 




rH 

• 

M 

• 

M 

M 

• 

rH 

rH 

• 

• 

rH 

rH 

• 

• 

• 

• 

M 

M 

• 

rH 

• 

• 

rH rH 

rH 

• 

rH 

• 

M 

rH 

i 

1 { 





N» 




N* 


N* 

N* 


N* 

N* 

HI* 






HT 


HI* 

HT 

Hf HT 



Hf 

Hf 



1 . 


tn 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 0 

0 

0 

0 

0 

0 

0 


M 

X 

I 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 1 

1 

1 

1 

1 

1 

1 

» 

U \ 

X 

X 

X 

X 

Ll 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X X 

X 

X 

X 

X 

X 

X 



0 

X 


uo 

uo 

M 


CN 

0 


0 

uo 

ON 

X 

rH 

0 

CTN 

uo 

rH 

X 

X 

0 

ON 

rH 

CM X 

X 

X 

0 

rH 

CN 




• 

ro 



uo 

uo 

ro 

ro 

uo 

ro 

X 

ro 

ro 

ro 

UO 

N* 

UO 

HI* 


ro 



UN 

Hf 

^ ro 

N* 

HT 

KfS 

UO 


ro 



CMfNJOOOro^fNrO<NrOrOfn<NCNfN(N<N<^fMmrslC>JOOOrMOOfN<N 

CO ooooooooooooooooooooooooooooooo 

&3C0 Ci3QCi3CUfjgCi9UUCUCi3Ci3£i3Ci3COCi9a3CdCOCi3a3UCi9UIU&3CdLdCUUaa:<3 

cu roaN^<Nininvou^^^inr^o<^<Hooo^Nvou^ooir)o^'Hio(N#HrM^cM 
rMir>ooOfHOO^OH<NfM^<Nin<NforMr^mm^ao^oooo>oofS\o 


Ml ONinoo 'Np^vo^v^MLnMr^MaofNr'fMinoa>in^ir>ro<Nvoinir>Mp^m t 


^tnr^r'ir)M^roooMaoroMir>ir>r^aommr^o^f^socN(Ninuoro^r^ 
o S r»*ioNvDcDi/)mr>GO^^o<N^oi^m^MiorsimrM<^oinr^p^f^inrMMvo 
B 3 

M M M M M M M M M M M M M M M M M M M M M M M CN M M M M M CN M 


M/ 

r 


Q4 d# 00000^^ j>aN 3 ^^<^<^^^<^<^r^r^r^f^r^r^ooooaooooo®sov^ 

73 




^ I 
^ I 


ooooooooooooooooooooooooooooooo 



X 1 

^ I 

.9 

.0 

.9 

.0 

.8 

.0 

.0 

.0 

.0 

.0 

.6 

.0 

.0 

.0 

.9 

.0 

.6 

.0 

.0 

.0 

.9 

.0 

.6 

0000 

X X 0 X 

^ 1 


M 

pH 


rH 

rH 

rH 

rH 

rH 


0 

rH 


pH 


pH 

pH 

rH 


pH 


rHO 

M 

M 



M 


0 u 


p^ ro 

X 

X 

CN 

r* 

ON 

ON 

ON 


rH 

fO 


0 


0 

X 

UO 

X 

UO 

0 

ro so 

ro 

CN 

X 

0 

X 

X 

H - 


X 

X 

ON 


r** 

p*- 

X 

X 0 

P^ 

X 

X 

X 

0 

rH 



X 

X 

0 

CN 

uo X 

X 

X 

X 

rH 

UO 

X 










rH 





rH 

rH 





M 

rH 





pH 



0 CD 

ON 

^ ro 

uo 


ON 

ON 

pH 

ro 

0 X 

0 

ON 

UO 


r'p 

0 

X 

X 


H* 

e 

X 

00 

rH 

CN 

X 

X 

0 

pH 

o\ 

HT 

X X 

M 

•H 


HT 

X 

X 

01 pH 

UO 

H» 

X 

X 

rH 

CN 

H* 

H» 

X 

X 

<N 

M 

uo uo 

X 

X 

pH 

rH 

uo 

UO 

■ 



pH 

rH 





rH pH 





rH 

pH 





pH 

rH 




pH 

pH 




rH 

rH M 

M 

rH 

pH 

pH 

rH 


rH rH 

rH 

rH 

rH 

pH 

pH 

M 

X 

X 

X 

X 

X 

X 

XX 

X 

X 

X 

X 

CN 

CN 

0 Dl 










X 

X 

X 

X 

X 

X 

rr 

p^ 

p^ 

r* 


P^ 

p^ r- 

p^ 

P*p 

P"* 


X 

X 

X Gk 

• 

• • 

• 

• 

• 

• 

• 

• 

• • 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

« # 

• 

• 

• 

• 

• 

• 

a 

M 

rH M 

pH 

rH 

*H 

rH 

rH 

rH 

rH rH 

pH 

rH 

pH 

pH 

pH 


rH 

rH 

M 

rH 

rH 

pH 

rH rH 

rH 

pH 


pH 

pH 

rH 





UO 

X 

r- 

X 










0 

pH 

CN 

ro 

H* 

X 

X 


X 











rH 

rH 

pH 

M 

pH 

pH 

CN 

ro 

X 

X 

X 


X 

X 

rH 

pH 

rH 

M 

rH 

rH 

rH 

rH 

rH 

rH 

CN 

ro 


X 

X 


X 

m 

1 

1 

1 

1 

1 

• 

f 

I 

1 

1 

1 

1 

1 

1 

t 

1 

1 

1 

1 

1 

• 

1 

1 

1 

1 

1 

1 

• 

1 

1 

• 

1 


• 

H» 

H* 

H* 

H* 


UO 

UO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 


1 

<N 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

IN 

CN 

CN 

CN 

CN 

CN 

CN 

X 

• 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

U 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

o 

0 

X 

0 

0 

0 

0 

0 

0 

e 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

H 


CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

M 

CN 

CN 

CN 

CN 

CN 

C^l 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 



X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 




IV. 



SUMMARY OP THERMAL HYPERBOLIC SINE ANALYSIS ON TDF88 




APPENDIX III-A 




r- 

00 


VO 

-T» 

Of) 


H* 

sO 

0 

0 

rn 

pH 

in ON H» 00 r* on 

CM CM Vi 5 

ON CM 

n* 00 

in in 

VO 0 

CN 

1 

ro 

ro 

m 

as 

LO 

00 

VO 

n« 

0 

— 1 

pH 

0 


Oi ON 00 0 ^ 00 

H* ON pH 

r- 

00 00 

VO VO 

^ ON 

QU 

1 

VO 

to 

r- 

vO 

H» 

H* 


VO 

s 

00 

CM 

nj 

pH 

cn in m n* 

CO SO CO 


lO otn 

00 pH 0 

in p^ 




















pH pH 


CM 

1 

0 

as 

m 

00 

0 

0 

0 

ON 

r- 

00 

0 

0 

ON 

ON VO ON vo 0 

in ON ^ 

ON 

ON in 

m 0 ^ 

O' CM 

s 

1 

• 

as 

ov 

as 

« 

• 

t 

Os 

ON 

ON 

• 

• 

ON 

On On On On on • 

ON ON CM 

ON 00 

ON V£> 

o\ 0 00 

ON O' 



-H 

• 

• 

• 



pH 

• 

• 

• 

pH 

pH 

• 


• • f 

• • 

• • 

• ■ • 

• • 





H* 

H* 


H* 

H* 


H* 

H* 

H* 

H* 

H* 

H* H* H* H* H* ^ 

^ ^ ^ 



^ m ^ 




0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0000000 

000 

0 0 

0 0 

000 

0 0 

OJ 

CU 

1 

1 

1 

1 

1 

f 

1 

1 

1 

1 

1 

1 

1 

t 1 1 ) ) 1 

t 1 1 

1 t 

t 1 

1 \ 1 

( 1 

U \ 

CU 

CU 

CU 

;u 

o 3 

:u 

CU 

LU 

:u 


CU 

CU 

cu 

CU CU CU CU CU CU 

CU CU CU 

cu cu 

uj :u 

cu cu lU 

jO cu 


o 

m 

0 

VO 

0 

to 

JO 

CM 

as 

0 

r- 

0 

ON 

00 

pH pH pH 

r- rN CM 

^ ON 

m 0 00 00 in 

pH on 



rn 

• 

m 

• 

• 

H* 

• 

(M 

• 

(M 

• 

m 

• 

CM 

t 

m 

f 

ON 

f 

CM 

• 

• 

pH 

• 

m CM CM CM m CM 

CM CM m CM CM 

pH cm 

• • 

^ OV CM 

• • • 

'M pH 

• • 



^ VO 

in H* vo 


H* 

VO VO H* 


00 


VO VO VO in VO 

m 

V^ 

so ' * 

VO in 

p^ 


0 ) 

0 0 

0 0 

0 

0 0 

0 

0 

0 

0 

0 

0 

000000 

000 

0000 

0 pH 0 

0 0 

<N 

• 

1 

1 

1 

1 

t 

t 

1 

1 

I 

1 

1 

» 

f 

f 1 1 1 1 1 

1 1 1 

1 1 

1 1 

1 4 * 1 

1 1 

Ct3 

nj 

uj CU 

CU CU 

CU 

CU 

CU 

cu 

cu 

cu 

CU 

cu 

cu 

cu cu cu cu cu cu 

cu cu cu 

cu cu 

lu oa 

CU CU CU 

cu cu 


04 

0 ® 

0 r^ CM 

0 

s 

in 

ON 

VO 0 


H* 

CM VO pH pH ON ^ 

0 pH CM 

CO pH 

^ CM 

0 ^ 00 

pH ^ 



fO 

t 

(N 

• 

H* 

<N 

« 

pH 

pH 

rn 

H» 

• 

CM 

• 

• 

H* 

• 

m 

• 

pH pH pH LO in 

r* pH 00 

• t • 

00 r- 
• • 

^ in 

• • 

ON CM pH 

• • • 

PO ^ 

4 t 





H» H* 


<N CM 

CM 

CM m VO 


00 

CO CO CO Os ^ 

pH CM CM m ^ 

so in 

p^ 00 

pH pH 

S 

1 

<Jv 

as 

as as 

as 

as as 

ON 

as 

ON 

00 

CO 

00 

GO s s s 00 

S S 00 

00 r* 

r* r- 

p** p^ 

00 GO 

cu 

1 

ON as 

as as 

as 

as 

ON 

ON 

as 

ON 

ON 

as 

ON 

ON ON ON ON On On 

0 > ON O' 

ON as 

ON ON 

O' On OTn 
• • • 

ON ON 

• • 



fn 

m 

0 

0 

m 

00 

ON 

H* 

0 

0 

ro 

VO 

m 

pH m CM 00 vO S 

in vf> m On VD 

^ m 

in 0 ^ 

pH VO 

i-H 

t 

as 



0 


VO 



VO 

00 

VO 

ro 

0 

n* cn in 

m ON c^ 

in m 

CO cn 

m 00 r- 

^ CM 

04 

1 

as 

as 

as 



0 

VO 


in 

00 

in 

in 


in in m m 0 ON 

rn m 

m m pH 

CJN 0 r- 

<M rn 



r^ 


CM 

s 

rsi 


ON 

VO 

m 

as 




CM pH m CM in pH 

vD m in 

^ ^ CM 

^ 0 n* 

CM in 











pH 









pH 


r-4 

1 

0 

Ov 

VO 

as 

0 

0 

0 

ON 

s 

as 

0 

ON 

ON 

ON 00 S ON ON 0 

00 ON rj 00 in 

ON CM 

^ 

as m 

s 

f 

• 



as 

• 

• 

• 

ON 

ON 

as 

• 

ON 

ON 

ON ^ Os ^ ON • 

ON ON in 

ON ON Ov 00 

ON 0 O' 

ON O' 




• 

• 

• 

pH 

pH 

pH 

• 

• 

• 

pH 

• 

• 

pH 

• • • 

• • 

• • 

• • • 

• • 





H» 


H» 

H» 

H» 

H* 

H* 


H* 

H* 

H* 

H» H* H» H» H» H* 

^ ^ ^ 

^ M* 


^ m ^ 



<0 

0 

0 

0 

0 

0 

0 

0 

0 0 

0 0 

0 0 

000000 

000 

0 0 

0 0 

000 

0 0 


04 

» 

1 

1 

1 

t 

» 

1 

1 

1 

1 

t 

1 

1 

1 1 1 1 1 1 

1 1 1 

1 1 

t t 

1 1 1 

f 1 

u \ 

CU 

CU 

jj 

CU 

CU 

CU 

CU 

CU 

CU 

CU 

CU 

cu 

ru CU CU CU CU CU CU 

cu cu cu 

CU CU 

CU cu 

cu cu cu 

cu cu 


u 

tO 

fH 

0 ^ 


VO 


in 

VO 

ON 0 VO 

inH'CMVOHroONOOOf^vOCMON 

so ^ 

in in 

m 0 



• 

HP 

• 

m 

• 

vD 

• 

ro 

• 

• 

• 

^ HT in CM 

• • • • 

CM CM 

• • 

Hrrn^HfH»roHrcnH» 

Hf ^ 
• • 

CM ^ 
• • 

m CM Hf 

• • • 

m Hf 
• • 



0 


^ 0 po in in 


(0 

0 

0000 

0 

0 0 

0 

0 0 

0 0 

0000000000000000 

0 0 


• 

> 

1 

1 

4 * 

1 

1 

4 - 

1 

1 

4 - 

1 

1 

1 

1 1 1 1 1 1 

1 1 1 

1 1 

1 1 

1 4 - 1 

1 ) 

:o 


uU 

CU 

CU CU CU 

CU CU CU CU CU 

cucucucucucucucu 

CUEUCUCUCUCUCUCUCUCU 

cu cu 


O 4 


G ^ m 

(N m r> ON (N 

H»o»^inH»r^OpHo«ocnoNcnvoH*incMON 



0 

• 

VO 0 CM 

• • • * 

H» 0 ^ 

• • • 

CMOrOpHpHH»VOinpHVOvOinCMpH<MpHpHpHQOOCM 

H* in 
• • 

M 

1 

vof^oip^^invovo<^vosoir>i/>ro^CTvo^®vo^'n^^ooinr^<N 

VO CO 


1 

ro ro 

« • 

fO ro H* 

« • • 

^romromi/Nvovo 


• * 


GDiAocsir«>r*»\ov 60 pr^vD(r»aoQOiDsdiDu^^oso^^^r^^or^^aor^ 

o 6 r^f^co^r^ir>GoaoGOvnnoio>xOi-^^i-*romo^r^^o^oi/>flOinf^^ 

S 3 

r-»r*^r^r»s 6 \ 6 vov 0 ^PN^ooooooo^*^^^^^ 9 \ 9 > 9 ^ 9 >( 7 \ 9 ^oo 
0««» v6vovAv0^^^^^^Ofnfn<nmr^ro9^<9>9>9^o>9H^o^sdKOs0s£OO 

V 5 pH ^ ^ ^ pH • • 

oo 

^ I oooooeooooooooooooooooooooosoco 

I 

^^•HpHpHpHpHpHipH^drMrMrMcscNCMCNrMCNOir^r^nrMfNoirMCMrstN 

bi I <!^OO^OO9^OdhCDOOOOOOOO9^OOO0^OOOOO9^OO 


> 

1 

• 

• 

*H 

• • 

ipH 

• 

iHI 

• 

pH 

• 

« 

pH 

• 

• 

• 

pH 

■ 

pH 

• 

0 

1 . 

0. 

1 . 

1 . 

1 . 

• 

• 

• 

0 

• 

• 

• 

• 

0 

• 

pH 

• » 
pH -H 

• 

• • 

0 

ON 

ON 

pH m m 

CH 0 

Os 

pH 

PM 

00 

CO 

m 

s ov ov m CM 


pH 

m 

in 

in 

VD 

PM 

CM 

9V00 

0 

CM C^ 

H 

m 

P^ 

P^ 

OV 0 VO 

P^ 00 


as 

0 

VO 

VO 

00 

ON ON pH VO 


00 

0 

0 

0 

VD 

00 

S 

^ DV 

pH 

00 





pH 






pH 




pH 












0 

tt 

Pn 

0 

H* P^ ® 

CM VO 

VO 

m 

m 

as 



00 cn pH pH OV 

VD 

Os 

00 

00 

as 

VD 

0 

CM 

in ^ 

m 

CD cn 

3 

CO 

CO 

CM<M 

m 00 

00 

PM 

PM 

PM 

PM 

#n 

in VO 9v ov ^ 




0 

as 


m 

S 

00 *H 

pH 

M» 00 


■ 



pH pH 





pH 

•H 














pH 




CM 

CM 

CM CM pH 


pH 

pH 

pH 

pH 

VO 

vO 

VO 

VO VO VO VO ^ 




cn 

pn 



r* 



m 

0 

m 

SO 

V0 

vO VO 










^ ^ ^CM 

PM 

CM 

PM 

CM 

CM 

0 

0 

0 

0 0 

0 

CM CM 

a cu 

• 

• 

• • 

• 

• 

• 

• 

• 

• 

• 

• 

• 


• 

• 

• 

• 

• 

• 

• 

• 

• • 

• 

• • 


0 


pH 


•H 


pH 

pH 

pH 

pH 

pH 


pH 

1 

1 

1 

1 

1 




pH 


pH 

4 ^ 

pH 

pH pH 

pH 

pH ^ 




0 

pH cm 

CH 

M» 

m 

NO 


00 






0 

pH 

CM 



in so 

00 

as 




as 

pH 

«H pH 


pH 




pH 

pH 

CM 

#n 

4 

s 

6 

7 

8 
9 


pH 


pH 

pH 

pH 


pH pH 

pH 

pH PM 


1 

1 

1 

1 1 

1 

• 

1 

1 

1 

1 

1 

1 

1 

1 1 1 1 1 

1 

1 

1 

• 

I 

• 

f 

1 

t 1 

1 

1 1 


1 

so 

VO 

SO VO 

VO 

NO 

VO 

VO 

VO 

VO 

pH 



pH pH pH pH pH 







pH 

pH 

pH pH 

rH 

PM PM 

H 

1 

CM 

CM 

CM PM 

PM 

PM 

CM 

CM 

PM 

PM 

cn 

CH 

cn 

c^ fO fO m 

fO 



m 


cn 


cn 

cn 

00 

0) 

1 

CO 

00 

00 CO 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 00 00 00 00 00 

00 

00 

00 

00 

00 

00 00 

900 

00 

Os Os 

U 


O 

0 

00 

0 

0 

0 

0 

o 

0 

0 

e 

0 

000000 

0 

0 

0 

0 

0 

00 

0 0 

S 

SS 

H 


CM 

CM 

PM CM 

PM 

CM 

CM 

CM 

CM 

CM 

PM 

PM 

PM 

PM CM CM PM CM PM 

CM 

PM 

CM 

CM 

CM 

CM CM 

CM CM 



00 

00 

00 00 

00 

00 

00 

00 

00 

00 

OD 

00 

00 

00 OD CD 00 00 

00 

00 

00 

00 

00 

00 

00 CO 

00 00 

00 

00 00 


P<»ge 


SUMMARY OP THERMAL HYPERBOLIC SINE ANALYSIS ON TDP88 




APPENDIX TIT-A 




o 

ro -H 

^ rsi ro pf VO ^ ^ 

CM ^ rn 

O CM VO 

pH X X 

pH rn CM 


X 

X m 

X 

X 

m 

o 

(N 

; 

o 

VO o 

CM (N iT> 0^ ro ^ pH 

cn ^ VO 

X in jn 

^ VO ^ 

r- ^ CM 


X P- 

pH X 

M* 

X 

pp 

X 

04 

i 

o 


VO o X ov CM m 

OJ 00 ^ 

O X CM 

pH ^ X 

X X CM 

pH 

^ rn 

UN ^ 

P- 

M* 

o 

» 



<-H 


rH pH pH 


pH pH 








pH 


fVJ 

1 


^7V -TV 

iD NO X X lH ’O 

O X X 

pH -i ON 

O X 

CM X o 

o 

X lO 

X X 

X 


m 


a: 

1 


^ ON 

<y» X ^ ov (TV ON X 

X ON 

X X ON 

• X X 

X X • 

• 

X X 

X X 

X 

• 

X 

X 



• 

• • 


• • • 

• • • 

pH • • 

• • pH 

pH 

• • 

# ■ 

• 

pH 

# 

• 





^ ^ ^ ^ ^ ^ ^ 

^ ^ ^ 


^ ^ ^ 

^ ^ ^ 

M- 

M* M* 


'?r 


M* 



<0 

o 

o o 

o c o o o o o 

O O O 

o o o 

O O O 

o o o 

O 

o o 

O O 

o o 

O 

O 

(M Oi 

u \ 

1 

jO 

f t 
CO Cm3 

t t ( 1 1 1 t 

CO CO CO CO CO CO CO 

1 I 1 
CO CO CO 

1 1 1 
CO CO CO 

t 1 1 

Cm 3 (i3 CiJ 

1 1 1 
CO X CO 

» 

CO 

1 1 
LO j3 

f 1 
j3 CO 

» 

uO 

t 

j3 

» 

iO 

1 

CO 


u 

fH 

^ox^cNmmoiin 

vo ^ m 

^ m o o ON ^ 

O Hf C) 


X M* 

X X 

", 

n 

p^ 

X 



T4 

• 

pH <N 

• • 

CM CM on CM <N m <N 

pH pH pH 

• « • 

• <N CM 

1 • • 

CM CM (N 

• • • 

m rn c>i 

• • 

pH 

• 

CM CM 

• • 

CM CM 

• • 

V > 

• 

CM 

« 

M* 

i 

CM 

• 




\D 

vovor^vor^NOvor^vOvo 

ON X X 

X X 

m X 

X 

X 

X X 

m 


m 

m 


U) 

o 

o o 

o o o o o o o 

o o o 

o o o 

o o o 

o o o 

o 

o o 

o o 

o 

o 

o 

o 

fN 

t 

» 

1 1 

1 1 } f 1 I t 

f 1 1 

t 1 1 

1 1 1 

1 t 1 

1 

1 1 

1 1 

1 

1 

t 

1 

CO 

ro 

CO 

X CO 

CO CO CO X CO CO CO 

CO X CO 

CO CO CO 

CO CO CO 

CO CO CO 

10 

Cm3 CO 

CO CO 

CO 

CO 

CO 

j3 


04 


X X 

ON cn rH X 

m o 

^ in X 

m m r*» 

XXX 

v*3 

m X 

X pH 

CM 

CM 

X 

M* 



X 

• 

^ pH 
• • 

pH m m ^ m ^ pH 

pH ^ ^ 
• • • 

• mm 

t • • 

^ 

• • • 

X X rn 
• • • 

ON 

X pH 

• • 

pH X 
• • 

pH cm 

• • 

* 

X 



(N 

pH cm 

CMonpHCMCM^VOCMC^r- 

X X 

X 

r- X 

X 

X X 

X X 

^ X 

m 


a: 

1 

X 

X X 

X X X X 


X X X X 

XXX 

X 

X X 

X X 

p^ p^ 

p^ 

p^ 

cu 

1 

a> 

* 

X Ov 

* • 

^ ^ ^ ^ ^ Ov Ov 

^ ^ ON 
• • • 

ON ON ON 
• • • 

X O- X 
• • • 

XXX 

• • • 

X 

• 

X X 

• 

X X 
• • 

X X 

• • 

X 

• 

X 

« 




CM rp 

pH ^ O X CM O O 

ON cn o 

ON o X CM m X 

m ^ X 

in X 

CM 

X 

m 

X 

X 


1 


pH lO 

^ X CM O X X X 

VO CM CM 

m m 

o m X 

X X pH 

pH 

CM cn 

m X 

m 

X 


X 

tx 

I 

O 

xrocNovroovavxin 

CM m 

m ^ 

m CM ^ 

XXX 


CM 40* 

CO pH 

m 

m 

rn 

m 




pH pH 

^ CM ^ X VO m ^ 

in ^ rH 

X vc: 

CM pH 



CM pH 

C4 CM 

rn 

pH 

r* 






^ pH CM 


pH 











1 

X 

X X 

mmpNX^xmocnx 

XXX 

XXX 

X X 

X X r- 

ir X 

o 

o 

X 

X 

o: 

1 

X 

^ ov 

ON ON in X X 

X X ON 

o X 

XXX 

X O X 

X 

X X 

X X 

• 

4 

X 

X 



• 

• • 


• • • 

• • • 

• t • 

• • • 

t 

• • 

• • 

pH 

pH 

4 

• 





^ ^ ^ ^ ^ ^ Hf 

^ ^ ^ 

cn ^ ^ 

^ ^ ^ 

^ ^ ^ 





Hr 




(0 

o 

ooooooooo 

o o o 

o o o 

o o o 

o o o 

o o o 

o o 

o 

O 

o 

o 


04 

1 

1 1 

1 t 1 ) 1 1 1 

I 1 1 

1 1 I 

f 1 1 

1 1 1 

1 

} 1 

1 t 

» 

1 

t 

1 

u \ 

CU 

CO X 

cocoxxucoucocox 

CO U CO CO LO 

CO X CO 

CO 

CO j3 

Cm3 CO 

CO 

CO 

CO 

CO 


a 

m 

ovopHinpHfoxxoc^r^x 

pH ^ X 

^ O pH 

^ X X 

CM 

X m 

CM pH 

cn 

o 

X 

pH 



m 

(Nro^mvo^^x^mcNCM 

• ^ CM CM ^ X 

1 • • • • • 

^ ^ CM 
• • • 

CM rn rn 

• • • 

• • 

• 

m 

4 

• 

• 




mm^^rnro^mrom^LOOroxin^^cncNx 

X ^ ^ 

5^ 4** m rr 

m m 


U} 

OOOOOOOOOOOOOpHOOOOO 

o o o 

o o o 

O O O O O O 

rH 

• 

* 

1 1 

1 1 1 1 I 1 1 

1 1 1 

t 1 I 

1 1 1 

1 1 1 

1 

1 1 

( 1 

1 

t 

1 

1 

U 

<0 

u 

MCOCOCQCOMtOtOCOMCOCfJCOCOrOMrOM 

X LO CO 

CO 

CO CO 

LO Cm3 

LO U 

U CO 


04 

o 

vovor*vDXMrr^r^o^ 

r- X 

p^mmxpHmrHxm 

^ X m 

pH ^ cn m 

X rn 



NO 

• 

m r* 

• • 

^mcMCNcnr-cn^^r- 

• r^mpHCMf^pHpHpH 

1 ........ 

•H 

• 

pH .H 
• • 

• • 

pH ^ m X 

• • • 4 

M 

1 

m 

pHinpHXp^ONOpHOoror^ 

XCM^^mCMXXX 

m ^ 

m o m m 

X X 

X 

1 

• 

m lO 

• • 

^^m^mmcM^^in 

m m m X ^ m 

m ^ m 

• • • 

X ^ m 

• 4 « 

^ m 
• • 

M* m 

4 4 

m ^ 

4 • 


O E 
X 9 


0) 


^ t 

I 


Ob I 
> I 


S 


ft* 


(N o vo so <N r* ( 

ON ID <N r* ^ 


(O VO 
» NO 


ir» *-4 ® 
^ VO M 


^ dfv #H 

o> CM vn 


m^vovovo^voocN 

ovooiQomroavir>^ 


^ 1 ^ vO vO CO 

^ O rn o 


X ( 


O O O O O O O 
O O O O O O O 


O O 
O O 


o o o 

in lo i/> 
^ 


o o o 
m m o 
ro • 

• * o 


ooooo^^^^ 

ooooor^r^r^r^ 


oooooooo* 


o o o o o o 


o o 
o o 

cM<NrsiCM<NrMr>*<NrMrMr^rMiMf>icNr^ 

oooooooooo 


^ ^ o o o o 
o o o o 

^ ^ • 

• • o o o o 


O O NO VO VO VO 


O O OV o o o 


o o o o o • • 
ooooooooo 
r^rvimcNfMc^Moir^rMninminm 
0> O ON o ov o o o ov o ov ^ooo 




pH 

O 

•H 

pH 

pH X 

rH 

rH 


rH 

o 


pH 

o 



pH 


pH pH 

pH pH 


p 4 

O 

^ pH 

U 

X 

X 

X 

X 

m 

O 

X 

X 

pH 

o 

m 


m 


X 

X 

o 

pH 

P^ *H P» 

m X X 

pH ^ 


X 


• 

X 


X 

X 

o 

X X 

in 

X 

X 

X 

X 

X 

X 

X 

X 


X 

X 

X O X 

XXX 

o p^ 

r* 

X 

X O 






pH 














pH 


p^ p 9 




o 


X 


X 

m 

X 

m 

m 

in 

r- 

X 

X 

m 

cn 

r*l 

X 

X 

X 

X X 

O pH pH 

O X 

o 

X 

X X 


pH 

X 

X 

X 

X 

O X 

X 

X 

•H 

X 

X 

X 

pH 

rH 

m 

CM 

m 

lO 

X X CM 

m X X 

XX 

in 

X 

X X 

■ 

pH 








pH 




pH 

pH 












m 

X 

X 

X 

X 

X X 



rr 

X 

X 

X 

X 

X 

X 

X 

X 

X 

9 

9 

9 

XXX 

X X 

pH 

p 4 

pH pH 

m 

CM 

CM 

<M 

CM 

CM 

CM CM 

o 

o 

o 

o 

o 

o 

o 

o 

X 

X 

X 

X 

XXX 

XXX 

X X 

O 

o 

o o 




fnXlOXr^XXrHCM 

m 

• 

1 1 1 1 1 e 1 1 1 


1 

CMCMCMCMCMINCMmm 

H 

1 

ooooooooo 

X 

1 

XXX 0 NXXXXX 

X 


ooooooooo 

H 


CMCMCMCMCMCMCMCMCM 



C 0 flO CO CO CO CO CO CO CO 


I I 


O <N 

I I I I I I I t I I I I I I I 


till 
VO VO VO VO 
^ pH ^ 
9V9V 


OOOOOO OOOOOOOOO 

lAfMtvicvirMrirvKNnrvicMrvifvirvafM 

looooooooaooooooooco 


i igf' 4 


SUMMARY OF THERMAL HYPERBOLIC SINE ANALYSIS ON TDF88 


-»i 


APPENDIX ril-A 


Page 5 


f-^ooc^Jln^vD^^cM^D^^^o^O'-^^^cNcNf^^ooo^(^vovOLn^DvorHrHcy^ 
'<r(NCT^^na^LO^^^l— i'HQO<Tt(Nvo^'Hrov^‘sD^o>rHoooNO>^oor^a^r^Ln<T» 
a>oaovDfHo^oocNCNoa\CNonLnrMoor- ocy>cNCNLom^^^oovocNa^lr) 

»H rHrHrH r-\ fH t— | f—| 

^r'O^^^^X)^r^OJ^O(3^o^cy^oo^«-^ooo^oooo^l3^oo^a^o^aoo^oc5^ 

a^o^o^o^^CT^o^<T>c^ •o^o^^J^o^Lno^< 3 ^ • ^ •o^o^^ •(y^a^o^a^a^ •cT^ 

••••••••• rH ••••••• • I-H • • • ^ • • • • • • 

0000000000000cr0000'^''000000000000 

I I t I ) I ) I I t I I t I t I I I ! I I ! I I I I I I I t I 

ucL]Cz3!:i3ui3uijCijci:]Lxjcc(j^Cx]uJU(^[jjCLiu3u:]kiJC0’:Liu3u3uj{^:i3:^ii]::xJu3 

coooOfHfH^oovDr^r^co^^^aov.o^r)^^'^vo^sL^oo^^a^r^oo^^o 

ro*^(NCNrorg<Nrsi^rMcNfNjrM<NrHiHrvic\lcM^CN<NcNCNCNCNrororororo 

'^^vouisoinvOLnmunvDLntDvovoLO^LO'^LnvOinvOLn'^LOvoio^r^^u^ 

ooooooooooooooooooooooooooooooo 

I I t I I I I i I I I t I I I I I t I I I I I I t t I f 

Ci3Cx3u3Ct3Ct3Ci3UCOUCi:]u3:;i3Cx3Ct3Cx3UDJLx3U3CdUu3Cx3UCi;3!jJU]|j:3Cs3Cx3u3 

inLn^voaNCN^^^voaoorHvorHno^OrHCNCNr^rHi-iCNaN«HO'^<N^ 

^^(No^»H^cNl^)rM^»H'^CN'^fnfNfHcN^o^O'^rMfN^mtr>m^o^^o^leHcn 

^^^^rOLnlnr-^cooGO^^^aoa>o^^—^^^Ln’^^^r^^^^N^^vc<^tn>ooooo 

r^r^r^r^r^r^r^r^oor^vcvcv^vDvDr^r^r^r^r^r^r^aooooOQOXoovovov^ 

o^o^<J^o^<y^o^o^^a^^o^o^o^<y^^o^o^^^oo^o^o^o^o^o^G^tT^o^o^cT^ 

a^o^^-HOo^^Joox^^^^OLno^ooo^^romp^o^^<^a^xvoooxo 
Lr»fo«H«oa>a>r^^r^xr^r^or-r^o<*Lnir>fNx^^r>*orofNitnfN»moo 
oo^^lr^•-^^^^ao^^xv^Lnmo^oo^^r— ♦<— ♦r^i~ixcNfNvx 5 O(NP 0 criO 
tniDincMoinvom \^>^xornr^l^)^o^^'xo^^^^ll-^^r-^voroo^x 

^^o^^^^vDr^vovo^o^®x0^o^a^■o^^ooo>o^o^xo^^^xooo^o^ 

ooooooooooooooooooooooooooooooo 

I I I t I I I I I I I I I I I I I I I I I I I I I I I I I I I 

CJU(U:dUCs3UCOCOE^LdCL]|j3Ci]UCx3CdCdUCi3(j3Ci3Qai:t3DJCia£x3:x^UCxj;:x3 

^rsjro^roro^roin^rorocN(^^roromrom^<N<nrooororornoocN 

ooooooooooooooooooooooooooooooo 

t < I I I I (( I t ) I I I I I I ! I t I I I I I I I I I 

UCdCdCL]CdUCx3CdUCdUUUUCdUUCs3Ci3Cx3{i3&J£i3hdci3ci3Cd&J(i3UCi3 
»H®®ovocNmoir»<Nvor^Lno<-irofNvoinr-i^rororMrHfHo^i— 
inrH<NO>(NCNvCCNvO»Hi— ICN p- ii— ICNVCOO^ 


f— <copo»-Hir>Lno^O'^vTN'sOOOLn<'Oor^o>‘k 0 ^x^'>ovor^ooor^i/> 


vcvorHinr^o>'^^^^X(y‘. ^^^omo^^mo^f^^^oop^cNroa^cMCNso^o 
r^Lnrov^min®^®ocNvovor^xrMOir>soo4^ir»vpo<Nr^^a>OLnrH 

fH(NrH^rHrHrHCN»— ffH*^r— fH <N ^ CM 

OO^-H^^-H^^f-tOOOOOOOOOOOOOOOOOOM^pH 

ooror^foromromrooooooooooooooooooocMCMCNj 

• •^cvov^vOvOvO'nO^ • • • XWOO 

OO ••••••• *000000000000000000 • • * 

VOVOV0V6VOVOVOOS.OVOOOOOOOOOOOOOOOOOOO(N(NCN| 

u^u^ir)uiininu^ininininininintnLr>intn(/>u^uiir)ir)ininioinintr>LOLn 

9^QOOoooo9^9^ooo9^oaol^oo^^ooooooo^^o^ooxo 

^ fH ^ fH rH o fH HO O O H O fH H H 

(wrMtoxHHr>Lnv©r^orsir^r^^^^or^FH\^HHon<N(NCNro^vo'^ 
OHOp^oooNH^s xvor'*xx<j^FHKOr**aoooor^^o^oornvor^f^ 
fH fH hh h hhh hhhh 

>O^OXV 09 ^ 9 ^ 0 mHC^laDH^^OOr^HH* 4 '^QOGOFHHaOFHr•VOHHn 

o*H^^oo»OHrorn^inoocDHHmir>oooHHinir)®o>OHinmx 


HHCMC^I<^l^s|CNCN^ 4 CN^^^^^^ 0 ^ 9 ^ 9 ^ 9 ^ 9 ^ 0 ^H( 

OOOOOOOOOOOOOOOOHHHHHHHT 


H H H H VA VO VO 

^ ^ ^ ^ o o o 


OHOifo^ OHOin^invor^oo 

U^VOP^X^HHHHHH<NmVinvOr^aOaVrHHHHHHHHHHCMfn 
I I t I t I I I I I I I I I I I I I I I I I I I I I I I I I I 
VOVOVOVOVOVOVOVOVOVOVOVOVO^OVOVOVOVOVOVOVOVOVOVOVOVOVOSOXXO 

HHHHHHHHHHHHHHp- 4 f-i 4 p- 4 ^»^^»W^*^p« 4 ^^^_d^^^ 


0 N^ 9 V< 9 N 9 VCrv 9 S^^^HHHHHHHHHHHHHHHHHHHHH 
OOOOOOOOOOFHHHHHHHf-iHHHHHHHHHHHHH 
(NCMfNCNrHfNCN<NCV|CN<Nrgrv|MCN<N<N<N(N<NfMfN(N(N(NCN<NfSCNfMfM 
QOXQOO^ XXaOXOQOXXOaOOOOOOOOOOOqOQPCOOOXQOOQXOOOOX 


SUMMARY OP THERMAL HYPERBOLIC SINE ANALYSIS ON TDF 




APPENDIX III-A 



P<^ge 




i 




GO 

CD 




ro 

0 

a^ 

ro PO 

o> 

^ CN 

as CO 

X 

in 

on 

(N 

1 


rH 

00 rn 

0 X ^ 

0 

on fH 

Os 0 

p* 

0 

<Tk 

Oi 





H X 

00 

(N tn 

CN <Ti 

in 

a^ 

X 



i-H 

(-H 


iH 

fH 

H 





CN 

1 

0 

00 

0 

r- 0 o> 

X 

a. as 

a^ as 

0 

0 

C3^ 

cx 

1 

• 

<T\ 

cr> • 

(T» • a^ 


Os as 

as as 

• 

« 

Os 



i-H 

• 

• fH 

• H • 

• 

• • 

* • 

H 

H 

• 





TT XT 

fQ* ^ 




Tf* 


N* 



0 

0 

0 0 

000 

0 

0 0 

0 0 

0 

0 

0 

(N 

04 

1 

1 

1 t 

1 1 1 

1 

1 \ 

1 1 

1 

1 

1 

U N, 

CO 

CO 

CO CO 

lo CO ;o 

lO 

CO CO 

CO CO 

CO 

CO 

CO 


U 

ro 

fH 

CN X 

m ^ 

(N 

in X 

P^ (H 

CN 

on 

X 



ro 

• 

ro 

tn ro 

• • 

CN m ro 

• • • 

• 

N* 00 

• • 

00 ^ 

• • 

• 

• 

tn 

ft 



ro 

t/) 

CN 

tn tn ^ 

in 

on ^ 

^ tn 

N* 

m 

CN 


CO 

0 

0 

0 0 

000 

0 

0 0 

0 0 

0 

0 

0 

CN 

• 

1 

1 

1 1 

1 t \ 

1 

1 1 

t 1 

1 

1 

1 

CO 

fl5 

CO 

CO 

CO CO 

CO CO CO 

CO 

CO CO 

lO X 

CO 

CO 

CO 


04 


m 

0 

X X m 

on 

in 

X 

CN 

0 

CN 



i-H 

• 

(N 

rn rn 

« • 

m (N rn 

• • • 

in 

• 

iH <H 

• • 

• m 

on 

• 

• 

• 



0 

0 fH 00 

XXX 

p^ 

X ^ 

in ^ 

in 

<r 

m 

X 

1 


r*H 

r*^ 

p^ 

P^ X 

X X 

X 

X 

X 

04 

\ 

o> 

• 

0^ 

• 

<y> o> 

• • 

^ ^ X 

• • • 

as 

» 

as as 

• • 

as as 

• • 

as 

• 

cri 

• 

as 

• 



0 

0 

0 0 

ro 0 

0 

0 0 

^ X 


<T^ 

CN 

rH 

1 



0 

CTs P- CN 

0 

P* rH 

X 

Os 

P' 

X 

04 

1 

(5> 

•— t 

X lt> 

fH 00 CN 

X 

0 fH 

P- CN 

on 

r- 

fH 



fH 

0 

.H CN 

00 0 ^ 

CN 

0 rsi 


CN 

X 

X 



•-H 

<N 

(N 

iH 

<H 

iH 






f 

0 

X 

X <n 

X 0 o^ 

X 

as Os 

p^ 0 

Os 


0 


» 

• 

o> 

o> <yi 

<Ti • 

o^ 

as as 

as • 

0\ 

ft 

• 



fH 

• 

• • 

• iH • 

» 

t • 

• «H 

m 

rH 

<H 






^ ^ ^ 




T 

XT 



<0 

0 

0 

0 0 

000 

0 

0 0 

0 0 

0 

0 

0 


04 

1 

f 

1 1 

( t t 

\ 

1 1 

1 1 

I 

1 

1 

CJ \ 

CO 

CO 

CO CO 

CO CO :o 

X 

CO to 

CO X 

CO 

£0 

X 



0 

X 

X 

X CN X 

X 

fH ^ 

rH X 

CN 

f-4 

P- 



ir 

• 

m 

• 

X ^ 

• ■ 

00 m ^ 

• • • 

X 

t 

X ^ 

« • 

^ in 

• • 

in 

• 

X 

• 

X 

• 


OCMOCNrO<N<NfNO(NmCN(NCNO 
(0 OOOOOOOOOOOOOOO 
^ • + I + IIIII + IIIII + 

Oi ^\4Dr^O\iHl/>rOrHrOrMOOC>JiHCSON 

OCNrMoomcNm^OfH'jDrocMrno 


HI 

1 

CN 

m X tn 

as 

X X 


0 CM 

X 

0 rH 

rH ^ 

>H 

1 

• 

on on in 

• • « 

« 

on H* 

• • 

00 

• 

^ in 

• • 

in 

ft 

ft 

in 

• 

• 9 



CN 

rH on X 

p^ 

X 

in X fH 

0 

m 


X P^ 

0 

E 

m 

0 in 0 

on fH 

X on CM 

X UO X 

on rH 

X 


ft 

ft 

• • 

• 

• • 

ft 

■ • 

ft 

ft 

• 

« • 



fH 

2 

1 

1 

fH 

*H rH 

rH 

fH rH 


fH 


rH rH 



rH 

rH rH 0 

000 

0 0 fH 

fH 

rH 

.-H 

fH rH 

Q 4 


CM <N CN HT 



HT 

H* fH 

fH 

fH 

fH 

rH rH 

X 


X 

X X 00 

as as as 

X X • 

ft 

• 

• 

• • 



• 

• 

« • 

• 

« • 

• 

♦ fH 

rH 

fH 

fH 

rH rH 


1 

2 

2 

2 

2 

CM 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 


1 


• 

• • 

• 

• • 

• 

• • 

• 

• 

• 

• • 



in in X m 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

&4 

1 

8 

0 

7 

8 

0 0 X 0 X X 

6 

0 

7 
0 

8 

> 

1 

« 

• 

• • 

• 

• • 

• 

• • 

• 

• 

• 

• • 




fH 


rH 

rH 

rH 



rH 


rH 

0 u 

•H 

P* 

m 0 

X 

00 m 

X 

X ro 

X 

X 


0 m 

H 

ftft 


X 

0 as 


X 0 

X 

0 X 

X 

X 

rH 

0 fH 





rH 


rH 


rH 



fH 

rH rH 

0 

U) 


fH 

X ^ 

rH 

00 m 

fH 

rH H 

rH 

X 


CO 0 

D \ 

X 

rH 

H in 

X 

X X 

fH 

CN X 

X 

X 

X 

0 fH 


8 


fH 

rH 



iH 

rH 




rH rH 



X 

X 

X CM 

CN 

CM CN 

CN 

CN H* 


HT 

Hf 


0 

(Q 

0 

0 

0 CN 

CN 

CN CN 

CN 

CM ^ 


H* 


Xf ^ 

Oi 

CU 

• 

« 

• • 

• 

• • 

• 

• • 

« 

• 

• 

• • 


a 


rH 

fH rH 

fH 

rH fH 

fH 

fH fH 

rH 

rH 

fH 

rH rH 







0 

H 

CN CO 

Hf 

m 

X 

P* X 




m 

X P^ 

X 

X fH 

fH 

fH fH 

rH 

rH 

fH 

rH rH 

4I> 

1 

1 

1 

1 1 

\ 

1 1 

1 

1 1 

t 

1 

1 

1 1 


1 

X 

X 

X X 

X 

X X 

X 

X X 

X 

X 

X 

X X 

H 

» 

»H 

fH 

fH rH 

fH 

fH fH 

fH 

rH rH 

fH 

fH 

fH 

^ rH 

X 

1 

fH 

fN 

fH rH 

<H 

fH rH 

fH 

rH fH 

fH 

fH 

rH 

rH fH 



fH 

fH 

fH rH 

fH 

fH rH 

fH 

fH rH 

fH 

fH 

fH 

rH fH 



CN 

<N 

CN (N 

CN 

CM CN 

CN 

CN CM 

CM 

CN 

CM 

CN CN 



X 

X 

X X 

X 

X X 

X 

X X 

X 

X 

X 

X X 








- ^ 


« 




SUMMARY OF THERMAL HYPERBOLIC SINE ANALYSIS ON SANTO50 


APPENDIX TIT-B 




r- 

CM 

^-O 

00 

VX) 

\0 

VD 

o^ 

fH 

VO 

00 

VO 



m 

an 

on 


rH 

rH 

pn 

as 

0 

00 


CM 

00 

CM 

(N 


CM 

\ 


PO 

PO 

00 

VO 

VO 

on 

0 

un 


VO 

00 

rH 

r* 

00 

rH 

0 


00 

pn 


r- 

vO 

CM 

CM 

00 

as 

rH 

0 

rn 

Oi 

♦ 

PO 

o 


p^ 

VO 


0 



<-H 

LH a^ 

rH 

rH 

VO 

un 



0 


pn 

rH 

an 

on 

on 


00 


rH 

0 

rH 



f— H 


rH 

•H 


rH 

i—» 


fH 

rH 

»H »-H 

rH 

rH 

rH 

rH 

rH 

rH 

rH 


rH 

fH 

rH 

rH 





rH 

rH 

rH 

PM 

1 


00 


00 

tn 

CO 

0 

m 


VO 

0 CM 

0 

0 

VO 

0 

as 

a\ 

0 

0 

0 

0 

VO 


0 

0 

0 




a^ 

oc 

♦ 

rTN 

< 3 > 


'TN 

00 


• 

o> 

o> 

Ov 

00 

• 

« 

Ov 

• 

VO 

as 

• 

• 

• 

• 

as 

a> 


• 

• 

a 

o> 


as 



• 

• 

* 

• 

• 

m 

•H 

• 

• 

• 

• • 

rH 

rH 

• 

rH 

• 

• 

rH 

iH 

r—i 


• 

• 

rH 

rH 

rH 

• 

• 

• 

• 






rr 





TT 

tT ^ 









rr 





TT 



nr 

nr 

nr 


nj 

O 

o o o 

0 0 

0 

0 0 

0 

0 0 

0 

c 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

CM 

04 

I 

1 

1 

1 

1 

! 

I 

1 

1 

1 

1 1 

f 

1 

1 

1 

1 

t 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

» 

u 

\ 

uJ 

Ci 3 

1:0 

CO 

Ld Cd 

U 3 

Cd 

cd 

Cd 

Cd Cd 

Cd 

Cd 

Cd 

Cd 

Cd 

Cd 

Cd 

Cd 

ud 

Cd 

Id 

jj 

Cd 

Cd 

id 

Cd 

Cd 

Cd 

cd 


u 


CM 

PO 

ON 

on 


tt 

to 

•<p m 

pn 

0 

0 

rH 

CM 

rH 


rH 

00 

CM 

0 

VO 

00 

pn 

0 

c^ 

m 

pn 

VO 


• 

CM 

CM pn CM 

CM CN 

CM 

CM on 

on 

^ 00 

CM 

pn 

pn 

PO 

CM 

pn 

CM 

pn 

CM 

pn 

m 

pn 

CM 

pn 

pn 

pn 

pn 

pn 

CM 


t 



on 

m on 

an 

VO on 

on 

nr tn 


on pn NO pn VO 

pn 

VO 

nr on 

pn on pn 

vO nr 

m 

pn 

in pn 

on 

lO 

on 

CO 

0 

0 0 

0 

0 0 

0 

0 0 

0 

00000 

0 

0 

0 0 

000 

0 0 

0 

0 

0 0 

0 

0 

0 


CM • I I I I I I t I I I I I I I I I I I I t I I I I I I I t I I I 


04 

rH 

0 m 


ov 0^ 

0 

as VO 

o> 

pn CM 

0 VO 

CM 

rH ^ m 

P^ CM 

CM 

^ pn 

nr 

CM Os 

m 

pn un 


• 

tn ^ 

• • 

00 

• 

to 00 

• • 

pn 

ON 00 

• « 

• 

CM as 

• • 

ON 

• 

CM m 

• • 

rH CM ^ CM 

« • • ♦ 

^ rH 

• • 

• 

^ VO 
• • 

pn CM CM 

• • • • 

« 

CM rH 

« • 


as 

0 0 CM 

CM on 

as 

rH rH 

CM 

pn pn 0 CM m 


nr an 00 

0 0 0 rH IH VO 


VO 

P^ CM 

X 1 

VO 




vO 





P'- 


p^ p^ p^ 

00 00 

00 

00 00 

00 

00 

00 00 

00 

00 

O 4 1 

<yv 

• 

as as 

• • 

as 

• 

as as 

• • 

<Ti 

• 

as as 

• • 

as 

• 

as as 

• • 

as 

• 

as as 

• • 

cv ^ Ov 

• • • • 

o> ov ^ 

• * • 

as as 

• • 

as 

• 

as 

m 

c 3 ^ as 

• • 

as 

• 

as as 

• • 


0 

m 0 

m 

0 VO 

nO 

as 0 

0 

0 0 

on 

nr 0 

0 

00m 

VO 0 

0 

0 0 

nr 

0 

rH 

0 

as nr 

•-H 1 

on 

as on 

r* 

rH CM 


00 00 

as 

00 rH 

rH 

P^ VO 

VO 

00 m 00 

0 0 

m 

as as 

rH 

m 

00 0 

rH 

pn 0 

O. 1 


CM VO 

m 

rH 00 

CM 

uO VO 

0 

rH 00 

P-* 

p^ 0 

Os 

moo 

rH CM 

rH 

m nr 

pn 

nr 

p^ p*- 

00 

nr rH 


0 

tn 00 

a> 

nr 

m 

pn 0 

VO 

<H 

as 

p^ ^ 

P^ 

H 0 ^ 0 > 

^ VO 

0 

on rH 

CM 

rH 

vo nr 

rH 

00 00 


rH 

rH 


rH 


rH 


rH »H 


CM 


CM rH 

rH 

rH 

CM CM 




rH 



fH 

1 

00 

Os ao 

Os 

p^ 

as 

vo 0 

00 

r^r^a^oa^opn 0 ^ 

0 

0 

0 

0 

as 

as 

0 

0 

0 

as 

as 

<JV 

as 

ct, 

1 

<y> 

as Os 

Os 

00 as 

as 

as • 

as 

^ oo as • • 00 

• 

• 

• 

• 

as 

as 

• 

• 

• 

as 

as 

as 

as 



* 

• • 

• 

• • 

• 

• rH 

• 

• • »rH 'fH • • 

rH 

rH 

rH 

rH 

• 

« 

rH 

rH 

rH 

m 

• 

• 

• 



nr 

nr nr 

nr 


nr 

nr nr 

nr 

^nr^^nrnr^^ 


nr 

nr 

nr 

nr 

nr 

nr 


nr 

nr 


nr 



m 

0 

000 

0 0 

000 

0 

00000 ro 00 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

rH 

04 

1 

1 1 

1 

1 1 

» 

1 1 

1 

1 1 I 1 1 9 t t 

9 

9 

9 

9 

9 

9 

9 

9 

9 

1 

1 

9 

9 

u 

\ 

Id 

Cd Cd 

Id 

id Cd 

id 

id Cd 

Ld 

CdCdCdCdidCdidCd 

Cd 

Cd 

Cd 

Id 

Cd 

Cd 

id 

Cd 

Cd 

Cd 

id 

d 

Id 


u 

0 

pn VO rH 

00 vo 

rH 

m 00 

ocMconrovcMnrr^p^ 

as 

00 

nr 

m 

CM 

0 

vo 

P-* 

(N 

vo 

as 

00 

CM 



• 

on m 

• • 

m 

• 

m ^ 
• • 

nr 

• 

m m 

• • 

m 

• 

ao<J^pnpnmnr^nr 

m 

• 

cn 

• 

nr 

• 

nr 

• 

m 

• 

m 

• 

pn 

• 

pn 

• 

• 

• 

• 

nr 

• 

• 



pn 

m CM <N 

m m cn CM CM CM 

rnocMocMocnocMocMocMom 

0 

CM 0 CM 

CM pn 


CO 

0 

000 

0 0 

0 

0 0 

0 

00000000000000 

0 

0 

0 

0 

0 

0 0 

rH 

• 

1 

1 1 

1 

t 1 

1 

1 t 

» 

9 + 1 + 1 + 1 -9 

9 


9 

+ 

9 


9 

+ 

9 

+ 

9 

9 

9 

Id 


id 

^ Cd 

Cd 

Cd Cd 

id 

Cd Cd 

id 

CdCdCdfdidEdCdid 

Id 

Cd Id 

Id 

Cd Id 

Cd 

Cd 

id 

Cd 

Cd 

Cd 

Cd 


04 

CM 

’T o> 

0 

m 0 

rH 

Os ^ 


oomomovvof^CMi^ 

^ 00 ^ 

as ^ ^ 

rH CM 

00 

CM 

as 



as 

• 

P*- rH CM 

« • • 

rr\ ^ 

• • 

m 

• 

• • 

mmocMo^oooo^ 

0 vo 0 
• • • 

m 0 
• • • 

0 CM 0 
• • • 

m 

• 

CM OS 

• • 


M I a^vo^^^omc^J^oa^a^^Da^o^o^^a^f^o^oooao^n.-^or^^vooc^f^a^^ 

>4 I 


'sOO'HOLnoPM'^por-<of^p^maop^^ovDLnt^Lnpoa>POPO(N\^cN‘^[^ 

o 6 o^Or^f-^Lna^Lno^Lno^rHOPnpo^^<7^CN^^aoaooaoor^pooLnoao^ 

T7 23 ••••••«•••*••«••«••«•••«•••#••• 

POOlrOCS<Nr-irslrH<NiHCMrMrnC^JPO<NCMrMfMrHC>l 04 C>J(>l^^<NrHC>l^rM 


ir>inmmmmoooooooooooooooooooo ooooch 
cii^ oooooooooooooooocooooooooooooovo 

(A \ 0 \C\D\ 0 \D^ 

oooooooooooooooooooooooo • 

^ I vOvOvOs^vDvDvOvOvDvfivOvOOOOOOOOOOOOOOOOOOOO 

^ I 

ir>minm 4 ntninminmin 4 n<NCM<M<N<M<N<Nc« 4 (>joif>jrM<> 4 cacNCNCsicN(N 


Ct4 I 
> I 


ooo<T»oooooo^(jsr-or-or-oaooooor-oa>ovoor-ovr 5 o 



0 

rj 

m 

nr 

m 

cn 

nr 

m 

fH 

CM m 


00 

Os 

VO 

as 

00 


m 

0 


as 

m 

0 

sO 

CM 

rH 

cn 

0 

nr 

fH 

pn 

0 


m 

m 

vo 

vo 

00 

00 

0 

rH 

VO 

p^ p^ 

00 

as 

as 

nr 

m 

m 

pn. 

pn 

as 

m 

vo 

vo 

00 

pn 

as 

pn 

00 

00 

as 

as 

as 

VO 

0 

m 

00 

00 

» 


vo 

rH 

Os 

0 m 

m 

m 

m 




rH 

m 

m 


00 

as 

00 

CM 

cn 

00 

pn 

0 

0 

as 

cn 

rH 

o 

\ 



p^ 


0 



m p^ 


iH 

rH 



pn 

00 

rH 

rH 



pn 

pn 

rH 

rH 

nr 


00 

00 

0 

iH 

in 


s 





rH 

rH 




rH 

fH 





rH 

rH 





rH 

rH 





rH 

rH 




00 

00 

00 

00 

00 

00 

P- 

p^ p^ 

pn 

P^ 

pn 

pn 

pn 

pn 

pn 

pn 

pn 

cn 

m 

m 

m 

m 

cn 

vo 

VO 

vo 

vo 

VO 

VO 

pn 

0 

m 

a^ 

as 

as 

as 

as 


0^ 

as Os 

as 

as 

as 

0 

0 

0 

0 

0 

0 

CM 

CM 

CM 

CM 

CM 

CM 



nf 




0 

cu 

04 

• 

• 

• 

t 

• 

• 

• 

• • 

• 

♦ 

9 

f 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 


CD 












rH 

rH 

rH 

rH 

rH 

rH 

rH 

»H 

rH 

rH 

fH 

fH 

rH 

fH 

fH 

rH 

rH 

rH 

rH 











0 

fH 

CM 










0 

fH 

CM 

cn 

nr 

m 

VO 

pn 

00 





CM 

m 

nr 

m 

vo 

P^ 

00 as 

fH 

«H 

fH 

fH 

CM 

m 

no* 

m 

VO 

pn 

00 

o> 

rH 

rH 

rH 

rH 

fH 

rH 

#H 

rH 

fH 

rH 

•m 

9 

9 

9 

1 

1 

9 

f 

1 

1 9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

1 

9 

9 

1 

1 

9 

9 

1 

9 

1 

9 

9 

9 


f 

m 

pn 

m 

rn 

m 

m 

m 

m m 

m 

cn 

pn 



nr 

nr 


nr 

n«» 



nr 


nr 

nr 

nr 




nr 

m 

€-1 

1 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CO 

9 

as 

as 

as 

as 

as 

ON 


as as 

as 


OV 

as 

as 

as 

as 

as 

as 

as 

as 

as 

ov 

as 

as 

ON 

as 

as 

as 

as 

as 

<0N 

id 


0 

0 

0 

0 

0 

0 

0 

0 0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

o 

0 

0 

0 

0 

0 

0 



CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM CM 

CM 

CM 

CN 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 



00 

00 

00 

00 

00 

00 

00 

00 00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

no 

00 

00 

00 

00 

00 


Page 


SUMMARY OF THERMAL HYPERBOLIC SINE ANALYSIS ON SANTO50 




APPENDIX III-B 




a^ ^ 

00 0 ro 

9 


H H 

X 9 0 

X X 

9 X m 

(N 

CM 

0 

ON CO PJ H 

P- X 

ON CM CO 

X 

CM 

1 

vp TJ* 

r*- 9 i 00 00 

in 

(Xs 

OV CM 

m H CO 

CO CM 

CM X 0 

9 

X 

p- 

O'. 9 X H 

CO CM 

0 X X 

X 

CL» 

\ 

cr» m 

^ VO vD vO 

VO 

0 

0 9 

H in 9 

r- p^ 

ov 0 

Os 

CM 

CM 

CO 9 X X 

0 ON 

CM H in 

9 




iH »H fH 


iH 

«H fH 

rH 




fH 

fH 

rH iH 

fH 

H H 


CM 

1 

9 V 

^ » 0 

0 


0 ov 

moo 

Ov <J\ 

iJV CTl 0 

Os 

CO 

X 

9 X ON ON 

ON p* 

X X e 

0 

X 

1 

(Ti <Ti 

0 00 o^ • 

• 

Ov 

• ov 

tn . r 

av o\ 

0 ^ <Tv 

OS 

OS 

OS 

ON X ON ON 

ON ON 

X ON • 

• 



• • 

• • • iH 

fH 

• 

H • 

• rH H 

• • 

• « • 

• 

9 

9 

• • ■ • 

• 

• • H 

H 




fiy ^ tT tT 

9 

9 

9 9 

9 9 9 

9 9 

999 

9 

9 

9 

9 9 9 9 

9 9 

9 9 9 

9 


<0 

0 0 

0000 

0 

0 

0 0 

000 

0 0 

0 c: . 0 

0 

0 0 

0000 

0 0 

000 

0 

CM 

04 

t t 

1 f ( 1 

1 

1 

1 1 

1 1 1 

1 1 

1 1 t 

1 

1 

! 

1 t 1 » 

1 ? 

1 1 ( 

1 

U \ 

Cz 3 o 3 

Cx 3 CO !i 3 U 3 

£U 

Ci 3 

(o 3 X 

u 3 Ci 3 Lt 3 

03 ti 3 

X U 4 03 

X 

X 

X 

X X X X 

X X 

XXX 

X 


CJ 

m 0 

VO ^ m 

P^ 

X 

X CM 

XXX 

0 CM 

X X f“^ 

CM 

OS 

CO ON m X »-: 

X UN 

9 9 ON 

X 



CM m 

• • 

CM CM CM CM 

« « « • 

CM 

• 

CM 

• 

CM CO 

• • 

CM CM CM 

• « • 

CO 

• • 

CM CO CM 

• • • 

CM 

• 

CM 

• 

CM 

• 

H CM CM CM 

■ • « • 

P 4 CM 

• • 

'M CM CM 

• • • 

CM 

• 




lo vo m uo 

9 

VO 9 9 

X m m 

X m 

X 9 X 

m 

m 

m 

X m m m 

m X 

vu m m 

m 


0 ) 

0 0 

00000 

000000 

0 0 

000 

0 

0 

0 

0000 

0 c 

000 

0 

Cd 

rO 

Cd Ci] 

III! 

U U 3 Ci 3 ClI 

1 

CO 

1 

Ci 3 

LO db 

I 1 1 

Cx 3 u 3 03 

U 03 

1 1 1 
X X 03 

I 

X 

1 

X 

1 

X 

III’ 
X X X J 

1 1 
X X 

1 1 1 

X ..-j X 

1 

X 


O4 

VP -M* 

in 0 VD CM 0 

X 

VO 9 

m m CO 

X 9 

9 H OV 

fH 

os 

X 

9 00 CO 9 

X PI 

P^ 9 P*^ 

X 



vp 

• * 

CN ^ ^ 
• • • • 

fH 

X ^ H 

CO H CM 

• « • 

<y\ CO 

# • 

9 H m 
• • • 

CO 

• 

H 

• 

CM 

• 

p'' in rH H 

• • • • 

m VD 

* « 

D ^ rH 

• • « 

CM 




^ ^ m fH 

fH 

0 fH fH 

H X 

X 

CO 

9 

9 

tn 

in X 0 H 

r-» rH 

H CM X 

P^ 


! 


p^ r- 00 

X 

XXX 

XXX 

X X 

X X 

P^ 

P^ 

p^ 

p^ X X 

X X 

XXX 

X 

Qi 

» 

<y> ov 

• • 

0 0 ov 

• • • • 

Ov 

• 

OV 9 v 0> 
• • • 

(T\ 0^ 

• * « 

Ov 0 

• • 

ov ^ 0 
• • • 

OS 

• 

OS 

Os 

ON ON ON ON 

• • • • 

OS <ys 

9 

ON ON ON 

• • • 

ON 



CO 0 

0 0 0 CM 

CO 

CM 

P- 0 

X H CM 

CM H 

0 X X 

9 

X 

X 

0 0 ON in 

X X 

P- X 0 

H 

iH 

1 

r-t ^ 

<Tv CO CM VO 


X 

CM H 

Ov r». CM 

p^ 

X ov CO 

m 

tn 

rH 

CM in 0 p- 

X X 

X X 

X 

OU 

1 

m CO 

CO <Tt 0 

r- 

9 

CM CO 

o\ H m 

CO 0 

X CO P^ 

0 

p^ 

PM 

0 CO H 9 

CM ir 

X m X 

ON 



in VO 

^ 0 9 V CO 

CM 

X 

X X 

X CM H 

9 9 

X 9 

m 

os 

ON 

H H CO CM 

P'- IT) 

ON X CM 

H 



fH 

fH CM fH 



fH 







fH rH 





1 

0 9 v 

CO CO ov 0 

0 

X 

0 9 v 

fH 0 0 

0 o> 

o> 0 

0 

X <Ji 

X X ON ON 

0 P* 

fH ON 0 

0 

0 ^ 

» 

9 v <Jv 

OV ON OV • 

• 

9 V 

• 0 

P^ • • 

0 c^ 

o\ os os 

• 

OS 

ON 

ON ON ON ON 

• ON 

ON ON • 

• 



« m 

• • • ^ 

fH 

• 

fH • 

• fH iH 

• • 

• • • 

fH 

m 

• 

• • t • 

rH • 

• • H 

fH 




*9 ^ 9 9 * 

9 

9 

9 9 

9 9 9 

9 9 

9 9 9 

9 

9 

9 

9 9 9 9 

9 9 

9 9 9 

9 



0 0 

0000 

0 

0 

0 0 

000 

0 0 

000 

0 

000000 

0 0 

000 

0 

^ cu 

f 1 

rill 

1 

1 

t 1 

1 1 1 

I 1 

1 1 1 

f 

1 

1 

lilt 

1 1 

1 1 1 

1 

(J \ 

03 Cs 3 

o 3 U U Ci 3 

CO 

Ci 3 

Cx 3 X 

CO Cb 3 X 

CO 03 

XXX 

X 

X 

X 

X X X X 

X X 

XXX 

X 


U 

^ 

00 9 VO in 

VO 

9 

rH 0 \ 

9 VO X 

CM CO 

0 0 9 

m 

X CM ON X 0 

CM 0 

CM CM O' 

9 



CO m 

• • 

9 m 9 CO 

• • « • 

CO 

• 

9 

• 

9 9 
• • 

9 CO CO 

• • • 

9 9 
• • 

9 in CO 

• • • 

CO 9 

• m 

9 

• 

CO 9 CO CO 

• • • « 

9 9 

• 9 

9 9 Ci 
• • • 

CO 

• 



CO CM 

CMCOCMCOCOCOCMOCOCOCOCOCM 

CO PM CO 

CO 

CM CM CO CM CO CO 

CM CO 

CO CO CO 

CO 


tn 

0000000000 

000 

0 0 

000 

0 

0 0 

0000 

0 0 

000 

0 

iH 

• 

1 1 

1 1 1 1 

1 

t 

1 + 

( 1 I 

t t 

1 1 1 

1 

1 

1 

till 

1 1 

1 1 1 

1 

CO 

<0 

b3 U 

03 U u3 

X Ci 3 X Ci 3 

X U Ci3 

CO 03 

XXX 

X 

X 

X 

X X X X 

X X 

XXX 

X 


O4 

CO m 

in 00 9V X 9v 

in 9V CM 9V X 9V 

0 0 CV CM 9 

CM 

rH 

CO ON 9 m in 

X in ON CM 




• • 

•HvOCMfHXf^VOOPvlCMfH 

m H 

• • 

CO 9 fH 

• « • 

X 

• 

rH 

• 

H 

• 

CM rH CM H 

« • • • 

fH CM 

• • 

9 in m 

• • • 

CO 

• 

M 

1 

^^Tf^ocoocoocMr^r^cMtn 

in X H CO X 

X 

ON H X CM 0 CM 

CO CO X fH 0 

9 


1 

^ CO 

t • 

CO CO CO in in 

• • « • • 

9 

• 

9 CO CO in in 

9 9 
• « 

9 9 9 
• • • 

9 

• 

CO 

• 

9 

• 

CO 9 m in 

• • • • 

9 9 
• • 

CO 9 m 

• • • 

m 

• 



CM 

9 V in 0 0 CM 

9 > H CM 

m m in 0 

9 X 9 

X 

in 

9 

ONin 9 p*X 9 (^inx 

CM 

o 

X 

£ 

3 

CM r* 

CO X in 

m 

0 9 V fH 

0 m CO m 

p^ in 0 

X 

CM 

0 

0 p^ p* m 

X X 

ON P- X 

9 



z 

z 

2 

2 

2 

1 

1 

2 

1 

2 
2 
1 
1, 

rH rH 

1. 

1 

2 . 

rH 

CM 

CM 

CM rH rH rH 

fH fH 

1. 

1 . 

1. 

»• ) 



0 9 ^ 

9 > X 9 V 9 9 

9 * 9 * 

9 0 0 

c 0 

000 

0 

0 

0 

0000 

0 0 

0 0 9 

9 

04 

cN» 

VO VO VO VO VO 9 > 9 > 

9V9\O>9VC0C0C0X 

CO CO in 

m 

m 

in 

in tn 0 0 

0 0 

0 0 

P^ 

CO 


•H fH 

• • 

fH fH M ^ 

• • • • 

(H 

• 

HHfHfHCMCMCMCM 

CM CM CO 

t * • 

CO 

• 

CO 

• 

CO CO CO 9 9 

9 9 
• « 

9 9 9 
• • • 

9 

• 


^ f 
^ I 


Qu t 

> « 


O U 
H • 


oooooooooooooooooooooooooooocoo 

CNCN<NCMf>af>JCM<NCM(NCMCNCNfS(NCN<N(NrsI(NrsirMrMCNJ(N<N(NCNrgCNrsi 

ooa>09>ooN ^o^o^ooa^oa^o^oooooa^oo^ooo^ooooo^3^ 

0 «H ^ iH *H fH »— f cH iH ^ iH ^ 

^oa^vo^o^Ol^^aoo^^ocN^(Nao^a^p^lnor^^Or-l^cNvomlnm^Mf-Ho^ 

vo^^r^^^oor^r•^>■aoa^a^^^aoaoa^^ovc^^p*‘Ooa^o^^r**ooaoo^or^^^ 


o to 


O <0 

04 0 « 

C5 


4 ^ I 

I 

H » 
W I 

u 

6 h 


o>in^r4<>jrM7\o»HONO>^cocotsoooooo><Nrooor^a\oooooromaooo 

^QOOOFHFHl/>%’'OOOOOO^^P^ 000 ^^ 4 l»OOOOOrH^^OOf^^f- 4 ^'^ 

rH f-H fH i-HiH 

f^f^f^r^p^rorororororovo'^vp^o spvpaOQOOOQOoooo^^^^^^sO vo 

OOOOOtN<N<NtN(NrM^^ 4 p^^^OOOOOO<MCN|(NtNCM^^^ 




O ^ <N ro ^ 
r 4 ro^mvpp«»oo<y\*H»HFH»HFH 
t I * I I I f I I I I I I 
i/>t/>intr)tniDin(nininmmtn 
fN(NCNfM(NrMrMCN(NCNCNfM(N 

oqqoooooooooo 

CV|(N<Nrs|<N(NM(N<NrMCN<N<N 

QOooQOooaoaoaooonoaoaoQOQO 


m VP r** 00 

f-HrHiHfHfHrMfn^PinvpP^OO 
I I I I I I I I > I I t 
tninin 4 nf^f^r**r^r^p^r*p^ 
fMPs|CMMCMCSMCNCs| 0 <<Mf>J 
9 ^ ^ 9 ^ 9 v 9 \ 9 ^ 9 ^ ^ 9 ^ 9 v 9 ^ 9 \ 

oooooooooooo 

fNCNfNCMCMCNCNCMCNCSfMCN 

000000000000000000000000 


o ^ tN m ^ 

9 V iH »H *H iH 

I I I I I I 

<NM C 4 CM M PM 
9\ 9S 9\ ^ 9S 9^ 

o o o o o o 

CM CM CM CM CM CM 
00 00 OO 00 00 00 


Page ? 


SUMMARY OF THERMAL HYPERBOLIC SINE ANALYSIS ON SAN POSO 


- 


m A 




/APPENDIX III-B 



CN I 
04 » 


ooaN'T>oOLnop^^<Nr*-'Haoo^ocovx)ooorM^<*otnv^f— 


ooooa>ooo'30^o«— »^^^mu^l^)0<?^-HrHl/)Lna^coo•H^^^^r'a^a^ 


I 


rN I ^(r'^C^a>'J^'^0000'30000000000000^0^0000:J^a^ 

Oil • a> • •• 

• • • • • i-H * •i-H I— ^ r-H • • 

as OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

CN Oi I I I I I I I I I I I I I I I I I I I I I I I I I I ! I I I I 

Cda3U3'^uS>::3(j3a3LiaCd(:x3a3Ci3a303Cx3O3U]uqOQ(j0!x)U]C:i:}:i3CdCt^C0O3Lau: 
O pn(NN'Lna^^o^c^OLnCT^L^cNooa^or^cNmo^oc^'^i^vx>^Ol^oc^^^GOc3^ 

- rororonocNCNrororocNrorO'^rsiroromrntv^oooororOP ^mrnrororono 


Ln^LnunLnLnir>^<^Ln^in^Ln^m^Ln^iD^ro^^roLnmLO^N*N* 

tfi ooooooooooooooooooooooooooooooo 

(N * f I I I I I I I f I I I I I I I I I I I I I I I t I I I I I I 
Cx3 (0 ci3o]CzS^j3ija:dij3^;j3Cz3!UO]i^u3(:L]coa3cou(jJUij3Uu3Cx:ijO{i:icijDo:i:] 

CU r^oaN'H^mo<NCNr^rHCN<Tii-H^fNrHooo'^ro^<Mr^^vor^ro!^c30f-i 

oT)^r^^rHr^c»iHrnr-ir^roLnrOi-HLncNir)p^rrvc*HCN^cNLna>rourcN^ 


vor^r^r^oorHOO*-HiHCNvNrorororoN*^^^LnLnLnininiDijnLr)mtn 
Oi I OOOOOOQOO^c5^0^c5^3^O^^O^O^^O^O^0^O^<7^O^ 0^ ^ Ch ^ C3^ 0^ CT» (7N (Ts 

CU I sT ^ v. 5^■-7^0^0^ 


rO(NM3*,-IO^OOOOOOO^i-tOOOOr^(^OOOOtnfNOOOO 
^ I ^QOOOiriinQovPOoooof')Oir)m«-Hvf>^r^oooro'^^of^r‘roo 

04 I pnofNfHroir;»^fNm^cNOr-'/'^'*ONO^<"»^»HfNL'^ * -:oom^rM— 

ina->oovoo»Hr^QOr^a3<T»o^mro<7suo^^^^Lnc3or^rHmcNo^vco 
rOiHCNCNfOi-i-^moo cNCNir>Ln ror-nror-^ MrHrMrsi 

i-H f-H CN i-H 

I a^oa^a^a^ooooooa^oooooooooooa^a^oooocT^a^ 

Oil o^•o^o^a^ •... • (j\ ••• •a^a^ 

• cH • • •iHi-Hi— • •i-H'— liHrH • • 

to ooooooooooooooooooooooooooooooo 

^04 I I I I I I I I I t I I I I I I I I 1 I 1 t I t I 1 I I I I I 
CJ^ O3&3u3Cx;]u3li3la3O3lj]Ct3Ci]CO£LlCx3tjLlUCx3Ci3COO}Q0i:Ob3;^u3:j3COCOCU:i3a3 

CJ vo^o»HcN<T>»^(NinvOfH»— ivfir**oo^^a^rof^aNt^LOONir>r^\^^p*-Oi— I 




CN CN CN 

CN 

o 

o 

o 

o 

pH 

o 

P^ o 

pH CN O 

o 

o o 

o 

o 

o 

o 

o 

o 

o 

CN CN 

o 

o o 

o 


cn 

O 

o 

o 

O 

o 

o 

o 

o 

o 

o o o 

O O O 

o o o 

o 

o 

o o 

o o 

o 

o o o 

o o 

o 

pH 

• 

1 

f 

1 

1 


+ 

+ 


+ 

+ 

+■ + 

+ 1 + 

-f 

+ + 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

1 1 

+ 

+ + 

+ 

u 

to 

1x3 

Cx3 

03 

o3 

Cs3 

U3 

Ci3 

Ci3 

u3 

1x3 

Cx3 03 

03 03 03 

03 

0^ u 

03 

03 

03 

03 

03 

03 

03 

03 03 

03 

Cx3 03 

03 


a 

pH 

o 

VO 



o 

O' 

VP 

o CN CN 

^ CN pH 

o\ 

ro o 

N* 

pH 

m o 

ro 

Os 


CN O 

CN 

ro 

o 



CN 

• 

m 

• 

• 

pH 

• 

CN 

• 

o 

• 

CN 

• 

N* 

• 

• 

9 

CN O' Pi ^ O 

pH CN n 

• • ■ 

m 

• 

o 

« 

o 

« 

vp 

• 

• 

CN 

• 

m 

• 

in N* 

• • 

O 

• 

pH pH 

• • 

rH 

• 

M 

I 

CN 


CN 

^ VP 

cn 00 

r' 

O' 

pH 

ro o 

^ ro m 

as 

p-» vp 

O' 

o 

CN pH 

m 

(O' 

CN 

m 

m 

CN 


X 

1 

• 

« 

N* 

t 

• 

CN 

• 

• 

CN 

• 

CN 

• 

CN 

• 

CN 

• 

CN CN 

• • 

CN ^ ^ 
• • • 

CN ro CN 

• • • 

CN 

• 

N* 

t 

• 

rn 

« 

C'O 

• 

CN 

• 

m 

• 

• • 

rn 

• 

m m 

• • 

ro 

« 





O' 

o 

P^ 

<N 

CN 

CN 

CN 


P*^ cn lO iT> O 

00 pH pH 

O 

00 

rf 

pH 


O 

m 


CN 

vp cn 

in 

o 

s 

00 

m 

m 

m 

m 

O 

CN 

a^ 

VP 

N* 

r- as 

CN O' O' 


to 00 



as 


pH 

N* 

o 

m 

o 

00 o 

00 

33 

D 

• 

• 

• 

• 

• 

• 

■ 

• 

• 

• 

• • 

• • • 

• 

• • 

• 

• 

• 

• 

• 

• 

• 

• • 

• 

• • 

• 



'H 

pH 

pH 

pH 

N* 

ro 

ro 

m 

CO 

N* 

ro m 

3 

1 

1 

(N 

CN CN 

CN 

CN 

pH 

CN 

CN 

CN 

CN 

pH pH 

CN 

Pi CN 

pH 





N* 


O 

O 

o 

o 

o o o o 

o o o 

o 

o o 

O 

o 

o o 

O 

O 

O 

^ N* 

Hf 

^ N* 

N» 

a. 



P^ 

P^ 

P^ 

o 

o 

o 

o 

o 

O 

o o o o o 

o o o 

o 

o 

o 

O 

O 

o 

o 

00 CP 

00 

00 00 

00 

03 


N* 



N* 

ff 

t 

• 

• 

• 

• 

• • 

» • • 

• 

• « 

• 

• 

• 

• 

• 

• 

• 

pH pH 

pH 

pH pH 

pH 



• 

• 

« 

• 

o 

o 

o 

o 

o o o o 

o o o o 

o o 

o 

o 

o 

o 

o 

o 

o 

• • 

• 

• • 

• 

KK 

1 

1 

O 

• 

o 

« 

O 

• 

O 

• 

o 

• 

o o 

• • 

o 

• 

o o 

• • 

0* 

0* 

0* 

0* 

0* 

o 

• 

o o 

• • 

o 

• 

o 

• 

o 

• 

o 

• 

o 

• 

o 

• 

o 

t 

o o 

• • 

O 

• 

o o 

• • 

o 

• 




cti I a^ooooa^oa^a^oa^oa^oo^oa^ooo^^o^aooa^r^oo^o^‘^^o^oo 
> I * 

fH pH pH ^ pH ^ pH pH ^ pH rH 

oo vo^voo^HrMQoovfior«^aoa^pH^ovpmaovppH^^^ao^a^^o 

gH* oo^opHc^^in<n^^inmvomir»v0vor^r**uninvor^r**GOvtfvop^p^aoo> 


o CO 


B 


cNMnocNr^Lna>^oa>vooQOwor^r^mcNp^voooi^ooocNCNo^a><rkO 

OOOO^'H^^VOininoOtJOCNFH^^aOaOCNpH^^OOOOCNCNiTM/SOOaO'HO 


vp^o^vQpH^FH^i-HiH^pHpHCHrgrHCNCNCNaocosoooaoooaoooaoooaoao 

04 04 . . . • 

0 *HpHMH»HpHfH^»H^^H^^fHpHpHpH*HpH^#H^^pHpHrHpHMHf— 


m VO 00 o *H <N ro ^ in VO 00 

pHM^^rH<NmFH(Nn^ms0r^aoo>MHf-HrHfHpH^MH^<H^cNro^mvo 
m \ I I I I I I I I I I I I I t I I I I I I I I I I I I I I I I t 
I ^ ^ ^ ^ ^ ^ ^ ^ ^ Oh ^ ^ flh ^ O' CO ^0 C3 CO o o 

I CNCN<NnjCMCNCHpH»-H»HpH»HfHFHFH^pHiHeHrHpHMHf-4^f-«fNMCN<NfNfN 

:/3 I 0\0'9'^9V9'9'000000000000000000000000 

03 0000000'H»HpHpHFHrHpHiHM^^»HpHpHFHpHpH«HFH»HpH»HiHpH 

Eh CNCN<NrMCNCN(N<NCN<N<NCN(NCN(NCN<N<NCNCNCNCN<NfNCNCNCNCNCNCN<N 

00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 0009 00 00 00 00 00 00 00000000 




SUMMARY OF THERMAL HYPERBOLIC SINE ANALYSIS ON SANTO50 


APPENDIX III-B 





v£> 

V£> 


rH O 

lO 

CO 



so as 


CM 

VO 

r- o 00 

m 

VO 


Os VO 


lD 

CO 

CM 

X 

o 

UO 

<N 

\ 

ro 

<N 


Os 

^ rH 

s£> 


UO 


ro Os 

00 

rH 

o 

O rH CM 

oo 

•-O 

as o 

O ro 


O 

rH 

VO 

N* 

UO 

X 

ou 

\ 

PO 

no 

as 

00 

o as 

m 

LO 

•H 

rH 

CO o 

as 

Os 

N* 

ro ro ro 

LD 

UO 

00 as 

rH 0^ 

N* 

lO 

CO 

P^ 

X 

X 

CM 







rH 



rH 

rH 

rH I-H 



rH 

rH iH rH 




rH 







rH 

(M 

\ 

o 

O 

00 

o> 

a^ O' 

o 

oo 


0^ 

as as 

o 

O 

00 

tn 00 <j> 

o 

o> 

as as 

<T> VO 

O 

O 

o 

O 

P^ 

c^ 

TV 

05 

» 

9 

• 


a> 

a^ as 

• 

as 

as 

as 

as 00 

• 

* 

as 

(T» 

• 

as 

as as 

as as 

• 

• 

• 

• 

Os 

Os 

o> 



'H 

rH 

• 

• 

• • 

rH 

• 

• 

• 

# • 

rH 

rH 

• 

• • • 

rH 

0 

0 0 

0 0 

rH 

rH 

/H 

rH 

• 

0 

• 








rr 





N* 

N* 


^ ^ tT 

N* 

N* 

rr xr 

N* N* 

TT 

N* 

XT 


XT 

XT 



m 

O 

O 

o 

o 

o o 

o 

o o o 

o o 

O 

O 

o 

o o o 

o 

O 

oooo 

o 

O 

O 

O 

O 

O 

o 

CN 

04 

1 

1 

1 

t 

t 1 

i 

» 

1 

\ 

f t 

1 

1 

» 

1 1 1 

1 

1 

1 1 

1 f 

1 

\ 


f 

\ 

» 

1 

U 

\ 


ui 



Cd Cd 

Cd 

Cd 


Cd 

id Cd 

Cd 

Cd 

Cd 

Cd Cd Cd 

Cd 

Cd 

Cd Cd 

Cd Cd 

Cd 

id 

Cd 

Cd 

Cd 

Cd 

Cd 


a 

00 


iT) 


VX> rH 

to 


CN CM 

^ so 

00 

m 

ro 

to O rH 

CN 

00 

00 CM 

m o 

ro 

O 

lT) 


rH 

IT) 

ro 


• 

CM 

• 

CM 

• 

ro 

• 

ro rn CO 

• • • 

CM CN 

• • 

CO CO 

■ • 

CO CN 

• • 

CN 

• 

ro 

• 

ro ro ro ro 

• • • • 

ro 

« 

CN 

• 

CN ro 

0 0 

ro ro 

• • 

ro 

• 

ro 

* 

ro 

• 

ro 

• 

ro 

• 

ro 

• 

ro 

• 



LH 

lO 

m 


^ LO 

M3 

lo 

lO 


tn so 

VO ro N* 

VO VO UO 

<r 

m 

VO N* 

^ VO m 

in 


m m 

N* 

ro 

E2 

CO 

O O O 

o o o 

O O 

o 

o 

o o o 

o 

oooo 

o 

o o o 

O C‘ 

O 

o o 

o o 

O 

o 

cc? 

1 

CO 

1 

Ci] 

r 

IjQ 

1 

Cd 

1 T 

o3 Cd 

r 

Cd 

! 

Cd 

f 

Cd 

1 

Ld 

I r 
Cd Cd 

1 

Cd 

r 1 
Cd Cd 

r 1 1 

Cd id Cd 

f 

Cd 

! 

Cd 

r 1 
Cd id 

1 I 1 

Id Cd d 

I 

Cd 

1 

Cd 

I 

Cd 

I 

Ld 

1 

Cd 

1 

-d 


Oi 

00 

m in 

ON 


CO 


<r 

CM 

CO 

as 

^ 00 

rH VO 

rH 

N* VO CN 

rH ro 

as VO 

rH ^ 

O 

ro 



CM 

• 

in 

• 

CM rH rH 

• • • 

CO 

• 

• 

rH 

• 

rH 

• 

ir> CM CO rH CN 

VO ro ^ 

0 0 0 

rH 

« 

as 

0 

^ rH 

■ • 

*H (T» ^ 

• • • 

Os CN 

• • 

lT) rH 

• • 

rH 

• 

VO 

• 







^ ^ rH 

rH 

rH 

rH 

CN CM 

O O rH 

rH CN CN 

ro ro ro N* 

^ <r iD 

m m 

UO UO 

UO 

VO 

05 

1 

OS 

as Os 

(T> 

as as 

as 

as 

(T> 

as 

Os as 

as 

as 

as 

o^ ^ 

as 

Os as Os 

as Os Os 

Os 

as 

as as 

as 

VO 

Oi 

» 

cr^ 

• 

as 

• 

as 

• 

<y\ ^ o> 

• • • 

as 

• 

as 

0 

as 

• 

as 

• 

0\ as 

m 0 

as 

9 

as 

• 

as 

• 

^ 0> OV 

• * • 

Os as Os as 

• • • « 

Os Os as 

• 99 

as as 

9 9 

as as 

• • 

as 

0 

as 

9 



00 

o 

o 

o o o 


as 

o o 

o o 

O 

o 

o 

o o o 


VO 

o o 

O O 


VO 

o 

o 

o 

o 

X 

fH 

1 

<T> 

rn 

m 

00 CO 

vD as 

rH CO 

ro CM 

Cr 

r-* 

rH 

fH VO Os 


00 

00 CM 

i-H 

VO 

ro 

rH 

00 

m 

ro 

o> 

04 

1 

Oi 

Oi 


lO 

^ 00 



r- 00 

CM CN 

O 


CN 

N» VO a^ 

VO 

o 

as 00 

rH VO 

00 

X 

CN 

CO 

O 

ro 

N* 



rH 

f-H 

LO 

lO 

LO CO CO ro r- 

lO 

00 

o 


as 

VO 00 00 



VO VO 

P^ VO 

(N 

ro 

VO 


VO 

UO 

P^ 





CN 

rH CM rH 



CM CN 

^ rH 

CN 

rH 

as 

m N* N* 



rH rH 

ro rH 



rH 

fH 

rH 

rH 



rH 

1 

O 

o 

as 

as 

as CO 

O X 

CO 

O 

Os N* 

O 

O 

as 


CTi 

iTi 

0 

as 

as 

0 

0 

r- 

0 

0 

0 

0 

p^ 

as 

as 

05 

1 

9 

• 

as 

as 

as as 

• Os 

as 

• 

as as 

• 

• 

as 

as 

as 

as 

• 

as 

as 

• 

• 

as 

• 

• 

• 

• 

as 

as 

as 



rH 

rH 

0 

9 

0 0 

rH • 

0 

rH 

0 • 

rH 

rH 

0 

9 

• 

9 

rH 

9 

9 

rH 

rH 

9 

rH 

rH 

rH 

rH 

9 

• 

0 



N* 


N* 

XT XT XT 

^ N* 

XT 

N* 

XT XT 

N* 

N* 

XT 


N* 

XT 

N* 

XT 

XT 

N* 

N* 

xT 



N* 

TT 

XT 

XT 

XT 


ro 

O 

o 

O 

o o o 

OOOO 

O O 

O 

O 

O 

O 

O 

O 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

rH 

04 

1 

1 

t 

1 

1 1 

1 \ 

\ 

\ 

1 1 

1 

1 

1 

I 

1 

\ 

1 

1 

1 

1 

1 

I 

» 

1 

1 

1 

1 

t 

» 

u 

\ 

Cd 

Cd 

Cd 

Cd 

Cd Cd 

Cd Cd 

Cd 

Cd 

Cd Cd 

Cd 

Cd 

Cd 

Cd 

X 


Cd 

Cd 

Cd 

Cd 

Cd 

Cd 

Cd 

Cd 

Cd 

Ld 

Cd 

Cd 



u 

TT 

ro 

X 

UO 

as p^ 

ro UO P^ 

UO 

rH tT) 

CM 


00 

CM 

o 

0 - 

0 

VO 

CN 

N* 

as 

UO 

0 

00 

UO 

VO 

UO 

as 

rH 


• 

ro 

• 

ro 

• 

N* 

• 

N* 

• 

• • 

ro ro 

• 0 

• 

• 

UO N* 

• • 

XT 

0 

• 

XT 

0 

UO 

• 

UO 

• 

XT 

0 

• 

ro 

• 

XT 

0 

• 

XT 

0 

N* 

• 

• 

ro 

t 

• 

• 

0 

XT 

0 

• 


rOfOOOOOrOrslOOOCNOOi-HOOOOOOOOOOiOOOOOO 

CO ooooooooooooooooooooooooooooooo 

^ • I + + + + + + + + + + + + 

UCdti]:dlUii](U:i3u]UDd(ja!:dCi3ij3U]UIUCt3(j3Utx3&3CaCiaCi3UUUCx3Cx3 

CU fMro^^ooo>•-l^^r^^oa^r^l^^oo^^^ooa^f^^-^^rOfH»H(N<Ml-^vD^^aovo 

r^rMOOOOrO^OO«-HinO(N^OO»-IOOOrHCNO^O.HOOOO 


M I ^^i-ii/>*-i^^<^OiHr^oao^fN^rnso.-HCMocMQOOir 5 roc^^ocNtn 

>i I inmromrooo^^mrofMro<NrocMCN<NCsi<^^rorocsiro^^^mroro"<tf* 


oro^oo»HCNr^\0^^ooofN^rorO(Nvo^»-<OrH^ooc^or^'Hmcsirsi 

o e rM^sI^oc^lo^o^a^vOlnvorooooom^a^a^o^^^mcM^^oo<^lrH<Noo^ 

ffi 3 • . 

^»HCNC>iCN^^rHrs|CNrsJCsirorr)^rOrOrMF-4fHOiC>aCM(Ni-H^rMCNfMf>J^ 

r^r^r^rN.r^f>.vovovovov.ov^^^^^^^vcvovovo<^vooooooo^ 

C /5 ^^^^,H^fH^^M^rH<N<NOJOJ(N(N(nrororo<^mromrorommao 


^ I oooooooooooooooooooooooooooooorsi 

^ t 


ti4 I a^aooa^<J^o^oooa^o^a^ooo^ooa^a^^^o^ooaooooooo<5^^^^o^ 
> I 






»H 




H 

rH 

H 




H 

0 


H 

H 






H H 






0 

u 

0 


r- 

ro 

0 

X 


X 

UO 

P*» 

CN 

H 

X 

CM 

o> 

X 

CM 

P^ 

CM 

CM 

HP 


ro 00 H 


as 

ro 0 

XT 

X 

g-t 

m 

X 

r** 

X 

p^ 

X 

X 

X 

UO 

X 

X 


X 

ro 



X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

0 

CO 

X 

UO 

0 

UO 

p^ 

0 


X 

OO 

H 

as 

CM 


ro 

p^ 

ro 

P^ 


ro 

CM 

0 

as 

ON 


p^ 

H ro 

ON 

0 

0 

\ 

XT 

N* 

as 

X 

H 

CM 



X 

as 

H 

CM 


tt 

X 

ON 

H 

H 

X 

X 

ON 

X 

H H Hf 

X 

X 

ON CM 

H 

X 


B 





H 

H 





H 

H 





H 

H 





H H 



H 

H 




CN 

CN 

CN 

CM 

CM 

CM 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H H X 

X 

X 

X X 

X 

X 

0 

(9 

X 

SO 

X 

X 

X 

X 


N* 











X 

X 

X 

X 

X X P^ 

p^ 

p^ 

p^ 

P^ 

0 

Oi 

CU 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

« 

• 

• 

• 

• 


• 

t 

• • 

• 

• 


0 


rH 

rH 

fH 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H H H 

H 

H 

H H 

H 

H 






0 

H 

CN 

ro 


X 

X 


X 










0 

H CM ro 


X 

X P^ 

X 





X 

Os 

H 

H 

H 

H 

rH 

H 

H 

H 

H 

H 

CN 

ro 


X 

X 


X 

ON 

H 

H H rH 

H 

H 

H H 

H 

H 

•9 

t 

1 

t 

1 

1 

1 

1 

1 

1 

1 

« 

I 

1 

1 

I 

t 

1 

f 

1 

1 

1 

1 

1 

1 1 1 

1 

I 

1 1 

1 

1 


t 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

CM 

CN 

CM 

CM 

CM 

CM 

CN 

CM 

CM 

CM 

CM CM CM 

CM 

CM 

CM CM 

CM 

H 

H 

• 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CN 

CM 

CM 

CM 

CM 

CN 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM 

CM CM CM 

CM 

CM 

CN CN 

CN 

0 

X 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

000 

0 

0 

0 0 

0 

H 

Cd 


rH 

rH 

rH 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H 

H H rH 

H 

H 

H H 

H 

H 

H 


CN 

CN 

CM 

CN 

CN 

CM 

CM 

<N 

CM 

CM 

CM 

CM 

(N 

CM 

CM 

CM 

CM 

CN 

CM 

CM 

CM 

CM 

CN CM CN 

CM 

CM 

CM CM 

CM 

CM 



X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

XXX 

X 

X 

X X 

X 

X 


Page 



SUMMARY OF THERMAL HYPERBOLIC SINE ANALYSIS ON SANTO50 




Vi--.. 


APPENDIX III-B 


Page 5 






ro 

TO m 

0 

T> 


T in 

T 

nr 

‘O 

0 

f-H 

in 

T 

in 

CD 


in 

r- 

VO 

m 

00 

vO 


rn 

T 

vO 

00 

rH 

CN 

1 

00 

^ r>« 

00 

TO 

(^ 

CTv CD 

VO 

T 

«r 

rH 

T 

T 

CN 

m 

rH 

r- 

nr 

r- 

m 

nr 

nr 

in 

00 

nr 00 

in 

00 

p' 

VO 

CU 

1 

0 

0 QO 

rH 

CN 

0 

rH T 

n- 

m 

m 



in 

in 

T 

T 

T 

00 


m 

rH 

00 

CN 

0 

0 VD 

CN 

m 

VO 

lO 



•-H 

CN rH 

CN 

CN 

CN 

CN 


rH 

rH 


rH 







rH 

rH 

CN 

rH 

CN 

CN 

rH 

rH 

rH 

i-H 

rH 

CN 

1 

0 

CT» 0 

m 

rH 

m 

Tv 0 

0 

0 

0 


T 

0 

0 

T 

0 

T 

0 

T 

0 

00 

T 

m 

lO 

0 0 

T 

0 

T 

p^ 

Qc: 

! 

• 

CJV • 

00 

00 

(T 

T • 

• 

ft 

ft 

T 

T 

ft 

ft 

T 

« 

T 

ft 

T 

• 

T 

T 

00 

VO 

• • 

T 

• 

T 

T 




• rH 

ft 

ft 

• 

• rH 


rH 

rH 

ft 

ft 

rH 

rH 

ft 

rH 

ft 

rH 

ft 

rH 

• 

• 

• 

ft 

r-H rH 

• 

«-H 

i 

ft 




^ Hf 


N* 


N* -T 


nr 

nr 


nr 

nr 

nr 


nr 

nr 

nr 

nr 

nr 

nr 

nr 

nr 

nr 

nr nr 

nr 

nr 

nr 

nr 


ctJ 

0 

0 0 

0 

0 

0 

0 0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 0 

0 

0 

0 

0 

CN 

04 

1 

I 1 

1 

1 

1 

1 t 

1 

1 

1 

1 

I 

1 

1 

f 

» 

1 

I 

1 

1 

1 

f 

1 

1 

t 1 

» 

1 

1 

1 

U 


o 3 

u 3 Ct 3 

Cx 3 

Ci 3 


Cd o 3 

Cd 

Cd 

^3 

o 3 

Cd 

Cd 

d 

d 

u 3 

d 

Cd 

Cd 

Cd 

d 

id 

d 

d 

d d 

d 

d 

d 

d 


o 


0 0 

vO 

rH 

(TV 

VO VO 

00 

m 

n- 

VO 

m 

rH 


00 

m 

rH 

nr 

VO 

VO 

nr 

‘O 

T 

0 

nr 00 


T 

p- 

T 



00 

• 

m 

• • 

v£> 

ft 

VO 

ft 

rn 

• 

^ rn 

• • 

rn 

ft 

ft 

m 

ft 

(nn 

ft 

m 

• 

nr 

ft 

nr 

• 

nr 

ft 

nr 

nr 

ft 

m 

ft 

CN 

• 

CN 

ft 

CN 

• 

CN 

ft 

•H 

• 

CN 

• 

CN CN 

ft ft 

CN 

ft 

(N 

• 

CN 

• 

CN 

ft 



CN 

CN 0 

0 

0 

N* 

CN N* 

nr 

m 


nr 

CN 

m 

rn 

m 

m 

•r 

CN 

in 

nr 

lO 

nr 

in 

m 

in nr 

nr 

m 

in 

np 



000 

0 0 

0 

0 0 

0 

0 

0 

000 

0 

0 

0 0 

0 

0 

0 

0 

0 

0 

0 

000 

0 

0 

0 

CN 

• 

» 

1 + 

+ 

+ 

1 

I 1 

1 

1 

1 

1 

f 

i 

1 

I 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 t 

1 

1 

1 

! 

Ci 3 

<TJ 

W 

03 

C13 

Ct 3 

U 

lid cd 

Cd 

Cd 

Cd 

Cd 

u 3 

Id 

Cd 

Cd 

d 

d 

d 

Cd 

Cd 

d 

d 

Cd 

d 

d d 

d 

d 

d 

d 


o« 


^ on 

00 

m 

in 


0 

CN 

in 

rH 

rH 

0 

rH 

VO 

0 0 

T 

rH 

CN 


00 

m 

m 

rH VO 

m 

VO 

m 0 



CN 

ft 

CN 0 

• • 

CN 

• 

0 

• 

rH 

ft 

VO rn 

• • 

T 

• 

• 

(N 

« 

rH 

• 

cn 

• 

rH 

• 

rn 

• 

T 

• 

CN 

ft 

in 

ft 

CN 

• 

in 

• 

CN rn 

• a 

ft 

rH 

• 

CN 

• 

m CN 

• • 

rH 

• 

in .H 

• • 



00 


(Tv 

00 

00 

0 N* 

VO 

VO 

VO 

VO 

m 

nr 

nr 

nr 

m 

nr 

CN 

nr 

m 

VO 

P^ 

P- 

rn m 

in 

in 

in 

VO 

QC^ 

1 

VO 

vD VD 

VD VD 

sO 

r- r- 

r-N. 

n* 



00 

00 

00 

00 

00 

00 

VO 

VO VO VO 

VO 

VO 

n- r- 

r- 



P- 

a* 

\ 

c^ 

ft 

o^ <T> 

• • 

a\ <jy 

• • 

CTv 

ft 

T T 

• ff 

T 

• 

T 

• 

T 

• 

T T T 

• • • 

T 

• 

T 

• 

T 

• 

T 

ft 

T 

• 

T 

• 

T 

• 

T 

• 

T 

ft 

T 

• 

T 

« 

T T 

• • 

T 

• 

T 

V 

T 

9 

T 

• 



on 

0 0 

0 

0 

0 

0 r- 

CN 

0 

rH 

rH 

nr 

T 

rH 

T 00 

rH 

0 

VO 0 

0 

0 0 

VO T 

rH 

0 

0 

0 

i-H 

! 

VO 

on 

CN 

vO 

VO 

r- VO 

T 


T 

VO VO 

rH 


po m VO 

T nr 

00 0 

00 

in VO 

0 

CN 

nr 


P^ 

04 

I 

ov 

^ CN 

rH 


m 

m rH 

T 

CN 

in 

00 

VO CN 


T 

nr 


0 

nr 

r- 

00 

00 

T m 

VO 

0 

rn 

00 



N- 

on 

<r 

CO 

0 

CN in 

CN 

0 

T 

T 

00 

CN 

rH 

nr 

nr 

in 

m 


00 

VO 

m 

p^ 

0 

in CN 


0 

in 

rH 




CN rH 

CN 

CN 

rsi 

CN 


i-H 










rH 


CN 

rH 

CN 

CN 



rH 

rH 

rH 


1 

0 

OV 0 

m 

0 

in 

0 0 

0 

0 

0 

00 

T 

0 

T 


T 

T 

0 T 

0 

00 

T 

T 

CN 

T T 

0 

T 

T 

T 

QC 

1 

• 

CJ> • 

(Tv 

CTv 

CJV 

• • 

• 

• 

m 

T 

T 

• 

T 

T 

T 

T 

• 

T 

• 

T 

T 

0 

00 

T T 

ft 

T 

T T 




• rH 

ft 

• 

• 

rH rH 

rH 

rH 

rH 

• 

• 

rH 

• 

ft 

• 

• 

rH 

• 

rH 

• 

• 

• 

• 

• • 

rH 

• 

ft 

ft 




^ tT 


HT 

N* 

^ N* 

N* 

nr 

nr 


nr 

nr 

nr 

nr 

nr 

nr 

nr 

nr 

nr nr 

nr 

nr 

nr 

nr ^ 

nr 

nr 

nr 

nr 


03 

0 

0 0 

0 

0 

0 

0 0 

0 

0 

0 

0 

0 0 

0 

0 

0 0 

0 

0 

0 0 

0 

0 0 

000 

0 

0 

0 

f —4 

O4 

1 

t 1 

1 

1 

1 

1 1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

t 1 

1 

1 

1 

1 

u 

\ 

03 

03 03 

oa 

1^3 

Ct 3 

Cd Cd 

Cd 

Cd 

Cd 

Cd Cd id 

Cd 

Cd 

Cd d 

Cd Cd 

d 

Cd 

d 

d 

d 

d d 

d 

d 

d 

d 


0 

0 

»H 00 

m 

00 

CN 

0 VO r- 

00 


m vD 

CD 

rH 

VO 


00 


0 

VO 

rH 

rH 

0 rH 

m ^ 

T 

CN 

m 

LO 


• 

• 

m in 

* « 

• 

VO 

ft 

VO 

• 

VO ^ 

« • 

« 

m 

• 

m 

ft 

in VO 

• • 

nr 

• 

in 

• 

in 

• 

iTt 

ft 

nr 

• 

VO 

t 

« 

ro 

• 

nr 

• 

• 

nr 

« 

nr 

• 

m m 

« • 

m 

9 

nr 

• 

nr 

• 

np 

ft 



0 

0 0 


0 

0 

0 CN CN 

0 

ni 

CN 0 CN CN 

0 0 CN 

0 0 

CN 0 0 

CN CN 

CN CN 

CN 

CN 

CN 

CN 


(0 

0 

0000000 

000 

0000000 

0 0 

o 

0 

0 

0 0 

0000 

0 

0 

•-H 

• 

4 * 

+ + 

+ 

+ 

+ 

+ 1 

1 

+ 

1 

1 

+ 

1 

1 

+ 

+ 

1 

+ 

-h 

1 

+ 

+ 

1 

1 

1 1 

t 

1 

1 

1 

03 

CO 

Cx 3 

03 03 



Cd 

Cd Cd Cd 

Ld 

Cd 

Cd Cd Cd Cd Cd 

d Cd 

Cd Cd 

Cd 

Cd 

Cd 

d 

d 

d d 

Cd 

d 

d 

d 


04 

CD 

(Tv VD 


m rH 

CN rH VO 00 

in vO T vO VO 

nr 

rH 


00 rH 

00 

rH 

rH 

m 


m *-H 

VO 00 

VO 

m 



0 

• 

CN 00 

• • 

CN 00 0 

t « « 

m m 

• • 

nr 

• 

0 

• 

• 

m 0 

• • 

nr 

« 

0 0 VO 0 0 

^ 0 
• « 

0 CN CN 

• • • 

rH rH 

• • 

m CN 

• • 

m m 

9 9 

M 

1 

rH 

00 0 TV VO m CN 

m 


m 

rH 00 nr 00 0 

00 

nr 

CN 


m rH 


m ^ 

nr CN CN 

rH 

T 

>• 

1 

ID 

• 

m ^ 
• • 

m 

• 

m m 

• • 

• • 

m 

• 

• 

• 

nr 

• 

nr 

« 

in 

• 

m 

• 

m 

9 

• 

« 

in m 

• 9 

9 

rn 

■ 

m 

« 

on m 

• 9 

^ in 

• • 

nr 

9 

• 

rn rn 

9 9 



rH 

vOf^r^vO^OOvOvOvO<Ts(ONCN 

VO VO 


rH 

m m 

0 00 

^ rn vo 

0 ^ T 

0 

VO VO 

O 

€ 

lD 

0 00 

r- 

TV 

0 

in n* 

m 

in VO 

m 

rH CN 0 rH 

CN nr 

0 T 

rH 


rH 

on 

rH 

0 ^ 

VO 

00 

00 

VO 

X 

3 

• 

• • 

• 

• 

• 

« m 

• 

• 

9 

• 

• 

* 

• 

9 

t 

• 

• 

• 

9 

• 

• 

ft 

• 

• 9 

• 

• 

• 

• 



rH 

CN M 

rH 

rH 

CN 

rH rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH CN 

CN 

CN 

CN 

CN 

CN 

2 

1 

1 

rH 

rH 

rH 



rH 

rH rH 

»H 

rH 

rH 

rn 0 0 

0 0 0 0 rH rH 

rH 

rH 

rH 

rH 0 

0 

0 0 

000000 

0 0 

cu 


CM 

CN CN 

CN 

CN CN 

CN 

nr 

nr 

N* 


nr 

rH 

rH 

rH 

rH 

rH 

rH 0 0 0 0 0 

0 

0000 

0 0 

CO 


CD 

00 00 

00 

00 

00 00 T 

T 

T 

T 

T T 

* 

9 

• 

ft 

« 

■ 

« 

f 

• 

• 

9 

9 

• 9 

• 

• 

• 

• 



• 

• • 

t 

• 

• 

• • 

• 

• 

• 

• 

« 

rH 

iH 

rH 

rH 

rH 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 0 


1 

1 

CN 

.2 

.2 

.2 

.2 

.2 

.2 

.2 

.2 

.2 

,2 

.2 

.2 

.2 

.2 

.2 

.2 

.2 

.2 

.0 

.0 

.0 

.0 

.0 

.0 

0000 

0 

0 

aE« 

1 

irt 

in m 

in tn in m in 

in 

m 

in 

5 . 

5 

5 , 

in in 

m m 

in 

m 

m 

m m 

m m 

m m 

m m 

m 

m 

b4 

1 

1 


.9 

.8 

.6 

.9 

.0 

.8 

.0 

T 

0 

,9 

.8 

.9 

.8 

.6 

.9 

.9 

.6 

.0 

.0 

.0 

,9 

.0 

.9 

0 T 

T 0 

T 

00 


1 





•H 

rH 












rH 

0 

rH 


rH 


^H 


rH 



O 

U 

in 

in rH 

m 

rH 

00 

T T 

T 

0 

VO 


T 


CN 

T 

in 

T 

CN 

CN 

m 

00 

T 

m 

00 

rH SO 

p- 

in 

nr 

CN 

H 

m 


00 

TV 

Tv 

00 

0 VO 

r* 

TV 

00 

T 

rH 

00 

T 

0 

0 

T 

CN 

in 

VO 

VO 

P^ 

00 

00 

VO P^ 

00 

00 

T 

0 








rH 





rH 



rH 

rH 


rH 











rH 

o 

(0 

0 

0 pH 

rH 

HT 

CN 

T 0 

0 

m 

rH 

ro 


rH 

CN 

T 

0 


VO 

m 

CN 


CN 

nr 

T 

00 

m 

m 

VO 

T 



m 

00 00 

rH 

rH 

rH 

rH in 

m 

00 

00 

0 

0 

m 

m 

00 

T 

T 

TV 

in 

in 

T 

T 

"H 

rH 

nr nr 

00 

00 

rH 

rH 


£ 



H 

rH 

rH 

rH 




•H 

rH 












rH 




rH 

rH 



VO 

VO VO 

VO 

VO 

VO 

VO m 

CN 

CN 

CN 

CN 

CN 

nr 


nr 


nr 

N* 

no* 

nr 

nftt 



N* 

TV T 

T 

T 

T 

TV 

o 

(0 

0 

0 0 

0 

0 

0 

0 CN 

CN 

CN 

CN 

CN 

CN 



nr 


nr 


0 

0 

0 

0 

0 

0 

rH rH 

rH 

rH 

rH 

rH 

04 

04 

9 

9 9 

• 

• 

• 

9 9 

• 

• 

• 

• 

• 

* 

• 

« 

• 

• 

• 

• 

« 

• 

• 

• 

• 

• • 

• 

• 

• 

• 


a 

rH 

rH rH 

rH 

rH 

rH 

rH rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

fH 

rH 

rH 

rH 

rH 

rH rH 

rH 

rH 

rH 

rH 









0 

fH 

CN 

m 


in 

VO 


00 

TV 

0 









0 

rH 

CN 


1 

CN 

■ 

m ^ 

in 

VO 

00 T 

rH 


rH 

rH 

fH 

rH 


rH 

iH 

rH 

CN 

rH 

CN 

m 


m 

VO 

00 

TV 



pH 


f 

1 

1 

fH 

1 1 

rH rH 

1 

1 

rH 

I 

rH 

1 1 
rH rH 

1 

»H 

1 

rH 

1 

rH 

1 

rH 

1 

rH 

1 

rH 

1 

rH 

1 

rH 

1 

rH 

1 

rH 

1 

rH 

1 

CN 

! 

CN 

1 

CN 

1 

CN 

1 

CN 

1 

CN 

1 1 

CN CN 

1 

CN 

1 

CN 

1 

CN 

1 

CN 

H 

1 

0 

0 0 

0 

0 0 

0 0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 0 

0 

0 

0 

0 

CO 

1 

rH 

rH rH 

rH 

rH 

rH 

rH rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

iH 

rH 

rH 

rH 

rH rH 

rH 

rH 

rH 

rH 




rH rH 

rH 

rH 

rH 

rH rH 

rH 

rH 

rH 

H 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH rH 

rH 

rH 

rH 

rH 



CN 

CN CN 

<N 

CN CN 

CN CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN 

CN CN 

CN 

CN 

CN 

CN 



00 

00 00 

00 

00 (T'S 

00 00 

00 

00 

00 

00 

00 

QO 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 

00 00 

30 

00 

00 

00 


SUMMARY OF THERMAL HYPERBOLIC SINE ANALYSIS ON SANTO50 




APPENDIX III-B 


Page ") 


V 


ui f 
^ I 


Gb I 

> I 




TT rf CN rf 

in rH 

X -H CM 

CM 

1 

00 

rH 

ON in ON 

0^ 

1 

on ^ rH 

ON 

X m ON 



^ rH 



fM 

1 

o o o o 

r- o 

0 

0 

0 

a: 

1 

• • * • 

ON • 

a a a 



r— 1 ^ »H 

• rH 

rH rH f-H 



^ ^ ^ ^ 

^ rr 

a:f 


03 

o o o o 

o o 

o o o 

fsj 

04 

1 1 1 1 

1 1 

1 1 t 

U \ 

Cx3 Cx3 C'3 


Cd U3 Cd 


u 

o rH ^ VO 

rH 

O rH 00 


• 

m rn m m 

• • • • 

^ CO 

* a 

^ KT iD 

a a a 



^ ^ ^ ^ 

ro Tf 

^ CO O 


w 

o o o o 

o o 

o o o 

CM 

• 

lift 

\ 1 

1 1 + 

U 

03 

1^3 Cd [0 !xl 

u3 U3 

X &3 Id 


04 

<N 00 O 

in CM 

X m rH 



. : rH ro 

• • • • 

iH 

• a 

X rH O 

a a a 



rH ro m 

CO CM 

O rH rH 

QC 

1 

CO (X> <X> 00 

X X 

XXX 

Cb 

t 

<3^ 0^ 0^ 

• • • • 

C7N ON 

• * 

ON ON ON 

a a a 



^ rH CTV 

ON CM 

X in ^ 


\ 

ro o CM r- 

X un 

X ^ rH 

a, 

1 

<T\ as ^ 

X in 

CM 



CM X r- 

CM in 

CM rH m 


1 

C7> Ch CJn O 

ON 

O ON O 


1 

a^ ON o> • 

as ON 

a ON • 



• • • rH 

a • 

«H a rH 



^ ^ ^ ^ 


^ 


03 

o o o o 

o o 

o o o 

^ 04 

till 

1 1 

1 1 1 

u \ 

u3 b3 Cd X 

Cd o3 

X Cd X 


O 

iD i/N VO ON 

X m 

X X r* 


• 

ro m Tf ^ 

• • • * 

1 a 

^ ^ X 

a a a 



CM CM CM CM CM CM 

CM ni o 


(0 

o o o o o o 

o o o 


« 

t t 1 1 

1 1 

1 1 + 

cu 

03 

U jl U Cd 

X X 

Cd Cd Cd 


04 

00 o ^ 

m 

X c^i 



CM CM VO 

• • • « 

in X 

a a 

^ CO CM 

a a a 

l-l 

1 

^ ON CM 

CM CM 

^ X o 

> 

1 

^ in ro ^ 

• • • • 

in ^ 

a a 

X in X 

a a a 



VO X ^ ro 00 

X rH 

o 

s 

vO CM VO ^ 

M X 

CM O CM 

X 

3 

• • • • 

a a 

a a a 



rH »-H rH rH 

rH rH 

rH rH iH 



o o o o o o 

cn cn m 

04 


o o o o 

O O 

o o o 

CO 


* • • • 

a a 

a a a 


OOOOOO^^fH 

OOOOOOfNfMCN 

inini/^tniniDiAtnin 

oc^oooo^a^oor^oo 


hi' 


p u 

ON 

X 


rH 

X 


CM rH 

C>i 


gH aa 

X 

X 

ON 

rH 

o 

X 

X ON 

O 






rH 

rH 



rH 

; 

O (0 

o 

«H 

ro 

cn 

rH 

iH 

rH rH 

O 


o\ 

in 

X 

rH 

CM 

X 

X 

X in 

X 


B 



rH 

rH 





i 


rH 

rH 

rH 

rH 

rH 

rH 



i 

O <0 







ro cn 

n 


04 04 

a 

a 

a 

a 

a 

a 

a a 

a 

f 

C9 

rH 

rH 

rH 

rH 


fH 

rH rH 

rH 

f 

H 


m 


X 

X 


X 




rH 


rH 

rH 

rH 

rH 

^ CM 

cn 

• 

I 

1 

1 

CM 

1 

CM 

1 

CM 

1 

CM 

1 

CM 

1 

CM 

1 1 
ro cn 

cn 

' 

6h f 

O 

O 

O 

O 

O 

O 

o o 

o 


CO 1 

rH 

rH 

rH 

rH 

rH 

rH 

rH rH 

rH 


cd 

rH 

rH 

rH 

rH 

fH 

rH 

rH rH 

rH 



CM 

CM 

CM 

CM 

CM 

CM 

CM CM 

CM 



X 

X 

X 

X 

X 

X 

X X 

X r-r 




